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ABSTRACT
AMOMIA ELEVATIONS IN MICE WITH GRAM NEGATIVE INJECTIONS

by
Richard I. Walker
These studies were undertaken in order to better under
stand the metabolic events which occur during bacterial infec
tion and to gain insight into mechanisms of toxin action as
well as possible means to counteract these actions.
Endotoxin or live Klebsiella pneumoniae was found to
elevate blood and brain ammonia to potentially toxic levels
in conventional, but not germ-free mice.

Further investiga

tions with conventional mice indicated that failure of urea
clearance via the renal system makes more urea available for
hydrolysis by intestinal microorganisms.
Other factors which could contribute to ammonia
increases were also considered.

Catecholamine effects on

intestinal physiology were seen during infection, but were
unrelated to the ammonia elevations.

Histological sections

found no overt lesions in the intestines.

Cecal pH increased

during infection and could facilitate diffusion of excess
ammonia into the blood.

Arginase and arginine levels indicated

that the urea cycle was intact during klebsiella infection but
no increased response to ammonia elevations was seen.
Both arginine and ornithine prolonged survival time,
but only ornithine significantly lowered blood ammonia levels.
Apparently urea derived from arginine, in combination with
ix

impaired -urea clearance, negated arginine's stimulatory affect
on ammonia detoxification.
Ammonia elevations could exacerbate the compromised
energy state of infected mice, especially in the brain.

These

elevations always preceded death and survival time could be
extended by treatment which reduced ammonia levels.
Delayed treatment studies in mice infected with K.
pneumoniae or Staphylococcus aureus suggest that different
vascular responses may occur which account for urea increases
only during the former infection.

Endotoxin distribution

studies suggest that if the effect of endotoxin on renal
clearance is direct, then the amount required to affect target
cells is small.

Although highest numbers of K. pneumoniae

were found in the kidney, most endotoxin was found associated
with the reticuloendothelial system and the heart.
Tissue viable counts and staphylococcal nuclease
distributions in host tissues indicated that localization of
bacteria and nuclease were different in human and animal
derived strains of S. aureus.
ammonia levels.

x

Neither strain, however, affected

CHAPTER I
INTRODUCTION
Infection is a serious complication of contaminated
wounds and is also a problem in the management of burns and
sublethal irradiation injuries.

In recent years bacteremia

has increased as a medical problem with gram negative bacilli
superseding staphylococci as a frequent cause of infection
(Altemeier, Todd and Inge, 1967; McCabe, 1970; Tong, 1972).
If these infections progress to become septic shock the mor
tality rate may be extremely high (Lansing, 1963).

In this

circumstance tissue ischemia attends a decline in systemic
arterial pressure and results in tissue necrosis.

This process

curtails oxygen and nutrient delivery to tissues and thus
limits production of high energy phosphates.

Deranged cellular

metabolism follows (Chick et aL, 1968).
The toxic activities of bacteria have been categorized
(Smith, 1968) on the basis of their contribution to lethality
of infection.

The subdivision of most medical importance and

the one which will be considered here consists of those toxins
which contribute to, but are not the only factors determining
lethality in a given disease.

Endotoxins released by gram

negative cells such as Klebsiella pneumoniae and the exotoxins
elaborated by Staphylococcus aureus are included in this
category.

Both of these infectious agents, as well as many

other types of severe stress (Selye, 1951) initiate a sequence
of similar biochemical lesions - the General Adaptation Syndrome
(GAS) - in the host.

According to the GAS concept an animal
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compensates for an adverse situation through activation of the
adrenal cortex which increases corticoid secretion so that the
animal can survive until defense mechanisms are exhausted
(Zarrow, Yochim, and McCarthy, 1964).

Biochemical parameters

associated with this syndrome include loss of tissue protein
reserves and increases in blood non-protein nitrogen, elevated
lipids following an initial decline, and depletion of liver
glycogen and blood glucose (Selye, 1951).

Thus toxins as

different as staphylococcal enterotoxin B and gram negative
lipopolysaccharide produce such similar symptoms as fever,
leukopenia followed by leukocytosis, adrenal cortical hyper
function, and blood clotting abnormalities (Eapoport, Hodoval
and Beisal, 1967).
Comparison of host responses to gram negative or gram
positive bacterial infection is a powerful tool for determining
the specificity, etiology, and importance of physiological and
biochemical events observed.

An understanding of these events

would permit their manipulation to the benefit of the host.
Many of the biochemical lesions associated with infecT
tion have been described by this author (Sharp et al,, 1970;
Walker et al„ 1970; Walker, Sharp, and Lyles, 1970; Walker
et al,, 197l)»

Among these alterations was a mobilization of

amino acids to the liver of chick embryos infected with S.
aureus or Vibrio cholerae. This flux has subsequently been
observed by others (Wannemacher et al<, 1971 > 1972 a,b;
Powanda, Wannemacher and Cockerell, 1972) and appears to be
a general reaction to inflammatory agents mediated by poly
morphonuclear leucocytes.

Some of these amino acids could be
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deaminated and ammonia would be a potentially toxic byproduct
of this process.

Impairment of the urea cycle (Kumate et al.,

1958; Dooley and Holtman, 1959)? altered intestinal physiology
(Lillehei and MacLean, 1958; Lillehei et al^ 1964), or failure
of renal function (Berry and Smythe, 1961) could also contribute
to elevation of host ammonia levels during infection.
The toxicity of ammonia is well recognized in certain
non-infectious diseases (Schenker et al,, 1967; Walker and
Schenker, 1970; Visek, 1972) but the potential effects of this
substance on the course of mammalian infection have not been
appreciated.

It is the purpose of this manuscript, therefore,

to describe comparative analyses of host responses to infection
with particular emphasis on those metabolic processes which
may involve ammonia.
Evaluation of host metabolism without consideration
of microbial activities is to miss a potentially significant
side of the host - parasite relationship.

Until recently

studies of this sort beyond tissue viable counts were difficult
or impossible, particularly in infections initiated by living
organisms.
In vivo distribution of gram negative lipopolysaccharide has previously been traced with radioisotopically
labelled molecules (Braude, Carey, and Zalesky, 1955; Noyes,
Mclnturf, and Blahuta, 1959; Gilbert, I960; Herring et aL,
1963; DiLuzio and Crafton, 1969), but interpretation of these
data is difficult due to possible detachment of label from
the toxic moiety.

The following report will utilize the

Limulus lysate technique (Reinhold and Eine, 1971) to quantitate
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endotoxin in host tissues, thereby circumventing the complica
tions associated with earlier studies.

Furthermore, this

approach makes possible detection of endotoxin elaborated by
proliferating microorganisms in an animal host.
Secretion of a nuclease unique in its calcium require
ment, high pH optimum, heat stability, and low molecular
weight is an important criterion of pathogenic staphylococcal
strains (Beerens, Gatsaras, and Tahon, 1967) and can be
specifically measured in a variety of plant and animal tissues,
whether sterile or heavily contaminated with microorganisms
(Chesbro and Auborn, 1967; Chesbro and Walker, 1972).

The

potential significance of this enzyme in disease (Stuart,
1967) and the possibility that it could provide information
concerning the in vivo metabolic activities of S. aureus led
to inclusion of this assay in the following evaluation of the
host - parasite relationship.
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CHAPTER II
REVIEW OE THE LITERATURE
There seems to he a common etiology in the development
of shock due to bacterial toxins or other trauma (Zweifach
and Thomas, 1957) and there is evidence that abnormal cardio
vascular physiology occurs first which leads to altered cell
ular function and an abnormal metabolic state (Lansing, 1963)*
Cardiovascular response to infection.
Endotoxin may impair vascular circulation through
induction of intravascular coagulation (Gans and Krivit, I960;
Hardaway, 1962; Hardaway and Johnson, 1963; Corrigan, Ray, and
May, 1968), histamine release (Vick, Mehlman, and Heiffer,
1971) through stimulation of histidine decarboxylase activity
(Schayer, I960) or anaphylatoxin formation (Gewurz et al^ 1971)?
and through catecholamine release (Rosenberg et al,, 1959;
Konttinen, Rajasalmi, and Paloheimo, 1964) due to induction
of hyperactivity of sympathetic nerves in the splanchnic viscera
(Zetterstrom, Palmerio, and Eine, 1964; Eine, 1964; Eine and
Minton, 1966; Parnas, Reinhold, and Eine, 1971)*

Serotonin

could also be important in endotoxin shock as concentrations
of this substance fall after challenge and remain low (Moon,
1972).

Thus endotoxin can exert initial influences through

an intermediate(s) (Spink, I960), although the possibility of
direct action on vessel walls is not excluded.
The circulatory disturbances caused by staphylococcal
toxins, likewise, could be due to direct action on blood
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vessels as well as to liberation of biologically active sub
stances.

Staphylococcal alpha toxin may act directly to cause

flaccid paralysis of smooth muscle (Weigerhausen, 1959; Thai
and Enger, 1961), but is also capable of damaging mast cell
membranes which release histamine (Easkova, Nosal, and Masek,
1969; Eosal et al,, 1972).

Staphylococcal enterotoxin B,

through an unknown mechanism, can cause capillary endothelial
cell degeneration and necrosis (Pinegold, 1967).

In fact,

either staphylococcal or klebsiella toxins could trigger
prostaglandin release which acts directly on the vessel wall
to increase vascular permeability (Kaley and Weinen, 1971)The net effect of exo and endotoxins on the circulatory
system is a sequence of vasoconstriction and vasodilatation
as the host tries to achieve homeostasis.

This sequence may

vary with different toxins (Kwaan, Bradley, and Weil, 1966)
and in different host species (Pool et aL, 1974-)
vascular syndrome is finally reached (Baue, 1969).

a similar
This

syndrome is characterized by increased capillary permeability
and tissue oxygen debt, and circulatory stagnation with low
blood pressure and decreased cardiac output (Pine, 1964-;
Altemeier, 1967).
Direct effects of bacterial toxins on host tissues.
Subsequent biochemical events associated with infection
may be a result of circulatory impairment or direct cellular
effects of the particular toxins.

It is not unlikely that

more than one means of injury are involved in the symptoms of
disease.

Endotoxin is known to interact with phospholipids
normally present in biological membranes (Shands, 1971) and
human erythrocyte ghosts possess endotoxin receptors (Springer,
Huprikar, and Neter, 1970)*

Thus endotoxin could incorporate

into cell membranes and cause instabilities.

Any disturbance

of a cell membrane may trigger prostaglandin release (Piper
and Vane, 1971)*

In fact the lipid moeity of endotoxin may

resemble critical portions of prostaglandins and thus react
with their receptors (Braun, W., personal communication).
Membrane - active agents such as prostaglandins, cholera
toxin (Eeild, 1971; Hideo, Shaw, and Ramwill, 1971; Grady and
Keusch, 1971; Kimberg et a!L, 1971; Sharp and Hynie, 1971)»
or possibly endotoxin can activate the membrane - associated
enzyme, adenyl cyclase, which converts intracellular adenosinetriphosphate (ATP) into cyclic adenosinemonophosphate
(bAMP).

Cyclic AMP then combines with cAMP binding protein,

thereby activating a variety of kinases which influence macromolecular biosynthesis and activation of preexisting enzymes.
This type of membrane reactivity may account for the
neurotoxic properties of the endotoxin molecule which has been
shown to enhance transmitter secretion from nerves in vitro
(Parnas, Reinhold, and Pine, 1971)-

Some of the lethal mani

festations of endotoxin appear to be through action on sympathetic
nerves supplying the splanchnic viscera, especially the liver
and intestine (Pine, 1964).

Denervation (Pine, 1964) or

injection of adrenergic blocking agents (Lillehei and MacLean,
1958) prevents the morphological and functional damage to
these tissues which occurs in untreated animals given a lethal
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dose of endotoxin.

Furthermore norepinephrine shock produces

alterations of the intestinal wall similar to those seen
during infection (Tamakuma et al, 1971)*
Intestinal response to infection.
The intestinal response to endotoxin has received par
ticular attention.

Ischemia due to the sympathomimetic action

of endotoxin may increase the permeability of the intestinal
wall (Cuevas and Fine, 1971) and intestinal necrosis may occur
if the gut mucosa is forced to function anaerobically due to
circulatory impairments (Broitman et a1^ 1959)*

Decreased

synthesis of ATP under anaerobic conditions would permit
disruption of lysosomal membranes (Nagler and Levenson, 1971)
and these enzymes could contribute to injury caused by tryptic
digestion (Bounous et aL, 1965; Nagler and levenson, 1971)
which leads to hemorrhagic necrosis in the dog intestine after
inoculation with endotoxin.

Similar findings are rare in man

(Bounous, Cronin, and Gurd, 1967) as primates contain less
proteolytic enzymes.

Instead primates usually show necrosis

in the renal tubules and heart and vascular congestion and
edema in the lung (Vaughn, Gianter, and Stookey, 1968; Nagler
and Levenson, 1971)*

Blockage of the intestinal lesion in

the dog prolongs survival time so that similar lung lesions
occur (Lillehei and MacLean, 1958).
Intestinal permeability during ischemia may also be
affected by other factors which include collagenase produced
by anaerobic flora (Bacteroides melaninogenicum), bradykinin,
protein depletion in the gut wall, or by serotinin released
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by disintegrating mast cells in the gut wall (Fine, J., per
sonal communication).
Parameters of gut physiology other than permeability
are affected by gram negative infection.

Among these are an

intensification of secretory function of gastrointestinal
glands (Domaradsii, 1966) and a blockage of intestinal absorp
tion (Berry and Smythe, 1959)-

Endotoxin is also capable of

reducing peristalsis apparently through sympathetic inhibition
of smooth muscle (Turner, Berry and Smythe, 1959)-

In con

trast staphylococcal alpha toxin acts directly on smooth muscle
causing increased motility which eventually become atonic
showing flaccid paralysis (Wiegerhausen, 1959; Thai and Enger,
1961; Kadlec and Seferna, 1972).

Cardiac and skeletal muscle

are resistant to alpha toxin activity.
Renal response to infection.
Renal function may also be impaired by infection thus
raising circulatory urea levels which could enhance intestinal
ammoniagenesis.

Kidneys of mice challenged with endotoxin

retain about three times as much urea as normal mice, but no
histological damage is seen (Berry and Smythe, 1961).

This

impairment of renal function may be due, at least in part, to
direct action of endotoxin in the kidney (Hinshaw et aL* 1961;
Gillenwater, Dooley, and Erohlich, 1963; Davis, 1971)*

Dis

tribution studies of labelled endotoxin indicate that only a
small fraction of injected endotoxin reaches the kidney (Berry
and Smythe, 1961), so a renal receptor must be very sensitive
to endotoxin action.

Subsequent investigations indicate renin

release may be enhanced by endotoxin and conversion of renin
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to angiotensin II would create a syndrome of decreased renal
clearance associated with hypotension and vasoconstriction
(Nagler and Levenson, 1971)•

Sympathomimetic effects may also

affect renal function (Lillehei et aL, 1964).

Increased pro

duction of urea during septic shock is only partially
contributory to resultant uremia (Strauch et aL, 1967).
Renal function in animals infected with S. aureus may
decline in parallel with mean arterial pressure (Beisel, 1972)
and, during acute infection, may not he a primary cause of
death (Smith, 1965; -Arbuthnott, 1970)*

Rapid death resulting

from large doses of alpha toxin is associated with few dis
tinctive histological changes, but slow death (1-4 days) from
smaller toxin doses is accomplished by severe kidney necrosis.
The importance of this time element is suggested by Smith's
(1965) observation that increased nonprotein nitrogen in human
patients with staphylococcal infection often indicates a fatal
infection.

In mice acutely infected with S. aureus there may

be an increased urea formation apparently due to protein degra
dation (Mukherjee et aL, 1966).
Elaboration of staphylococcal toxins.
The role of staphylococcal toxins in tissue damage is
not understood.

S. aureus elaborates a variety of extracellular

products which may contribute to lethality through their dis
ruptive action against membranes of some mammalian cells
(Bernheimer et aL, 1972; Klainer, Chang, and Weinstein, 1972).
The host parasite relation during staphylococcal infection is
complicated by the fact that numerous environmental factors
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regulate the release of these staphylococcal metabolites.
Thus alpha toxin appears in culture during the late logarithmic
and stationary phase (Kapral, Keogh, and Taubler, 1965; Duncan
and Cho, 1971)» but enterotoxin is only elaborated during post
exponential growth (Morse, Mah, and Dobrogosz, 1969).

Through

catabolite repression glucose can slow down production of some
staphylococcal exoproducts (Gladstone, 1938; Duncan and Cho,
1972).

In addition arginine promotes formation of alpha toxin

whereas anaerobiosis impairs its production (Gladstone, 1938).
Tissue distribution of staphylococcal toxins.
Exoproducts secreted by staphylococcus are usually
removed from the circulation by glomerular filtration and
proximal tubule cell accumulation as a nonspecific consequence
of their molecular sizes (Staab et aL, 1969; Beisel, 1972).
Lesser amounts of exoproducts may be associated with the
reticuloendothelial system (EES) (Crawley et aL, 1966; Bergdoll,
1970)-

Eenal retention is thought to be a protective mechanism

by reducing the quantity of exoproducts reaching sites of toxic
activity (Israel et al*, 1961; Staab et aL, 1969; Beisel, 1972).
The kidney itself is not thought to be a primary site of
toxicity (Smith, 1965).
Before the onset of symptoms following inoculation of
staphylococcal toxins, there is a latent period which corres
ponds with the time toxin can be identified in the kidney
(Staab et aL, 1969).

Previously Bartell et al»(l968) found

that staphylococcal phage added to mice 50 minutes after
infection prevented multiplication of bacteria, but death
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still occurred.

Surgical studies indicate the eventual release

of toxins initially sequestered in the kidney before the
bacteria were destroyed could account for this finding (Israel
et al,, 1961).

Removal of kidneys early in infection prolongs

survival, apparently through removal of toxin.

No evidence

for renal conversion of staphylococcal toxins to more potent
products has been found (Staab et aL, 1969).
Tissue distribution of endotoxin.
Study of the fate of intravenously injected labelled
endotoxin emphasizes the importance of the reticuloendothelial
system (RES), particularly the liver, in endotoxin clearance
(Braude, Carey, and Zalesky, 1955; Noyes, Mclnturf, and
Blahuta, 1959; Gilbert, I960; Herring et al», 1963; DiLuzio
and Crafton, 1969).

Endotoxin is quickly cleared from the

plasma as most passes into the buffy coat and liver.

Small

amounts of endotoxin could be found in spleen, lung, or kidneys
and none was found in the brain.

With time the amount of endo

toxin in the other organs diminished, but remained constant
in the liver (Noyes, Mclnturf, and Blahuta, 1959).
The particular importance of the liver in protection
against endotoxemia is well documented.

Hepatic exclusion

from the circulation increases the lethal effects of endotoxin
in dogs (Rangel et aL, 1970).

Furthermore, RES blockade pre

vents normal plasma endotoxin clearance (Noyes, Mclnturf, and
Blahuta, 1959).

Following massive inoculations of endotoxin,

plasma clearance and hepatic localization is more rapid in
tolerant than nontolerant animals.

In addition conventional
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mice are better able to muster cellular defense mechanisms
than their germfree counterparts as evidenced by more rapid
clearance of Escherichia coli in the conventional group (Gordon
and Pesti, 1971).
There is some controversy regarding the relative
importance of the RES and plasma esterases in endotoxin clear
ance (Skarnes and Rosen, 1971)*

The liver and other RES cells

may quickly remove circulating endotoxin and then release it
very slowly into the plasma compartment for subsequent detoxi
fication and elimination (Noyes, Mclnturf and Blahuta, 1959)*
If endotoxin exerts no direct toxic effects on liver phagocytes,
then rapid uptake of this substance by these cells may spare
more sensitive tissues such as the brain (Braude, Carey, and
Zalesky, 1955)*
Impairment of host energy metabolism by infection.
A consequence of direct or indirect induction of
alterations of host metabolism due to bacterial toxins is
impairment of cellular energy yielding processes.

This concept

of energy depletion is supported by the observation that ATP
treatment protects against a lethal dose of endotoxin (Berry,
1971)*

Purthermore, glucose, a major source of cellular

energy, is depleted during bacterial infection and this
depletion has been implicated as a major factor in lethality.
Treatment with glucose has been utilized to prolong survival
of animals infected with S. aureus (Smith et aL, 1966) or
challenged with endotoxin (Pieroni and Levine, 1969).
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The hypoglycemic and lethal effects of endotoxin,
however, are not entirely related.

Although glucose does

prolong survival following endotoxin injection (Farrar and
Watson, 1964; Shands, Miller, and Martin, 1969) it does not
alleviate ultimate mortality.

Furthermore alloxan-diabetic

mice died despite the fact that the glucose fall did not reach
hypoglycemic levels (Shands, Miller, and Martin, 1969).
Endotoxin injection in non primate models initiates
a transient hyperglycemia through catecholamine release fol
lowed later by hypoglycemia due to depletion of liver glycogen
reserves and hyperinsulinemia (Vigas and Nemeth, 1967; Fieroni
and Levine, 1969; Salles, Tabatabai, and Shahidi, 1972).

In

primates, however, hyperglycemia is the dominant effect due
to hypoinsulinemia which can be blocked by alpha adrenergic
receptor blockade (Cryer et aL, 1972).
Glucose levels may also be severely affected if insulin
clearance is impaired during infection, thus prolonging the
half life of the hormone (Gatt, 1970; Merrill and Hampers,
1970).

Many stimuli may cause a brief burst of insulin se

cretion from preformed stores followed by a more slowly rising
level during maintained stimulation (Porte, Jr., and Pupo,
1969; Catt, 1970).

An overabundance of circulating insulin

can be expected to decrease blood glucose levels.

Insulin

does increase host susceptibility to endotoxin shock, possibly
due to the reciprocal relationship between the glycemic state
and host susceptibility to stress (Pieroni and Levine, 1969).
The early hyperglycemia described above is mediated
through an increase in cAMP which rapidly mobilizes glucose
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(Exton et aL, 1971)*
glycogen is depleted.

This glucose output continues until
Insulin may block this process (Ragler

and Levenson, 1971) hy inhibiting the release of hepatic cAMP,
but epinephrine inhibits insulin release from the pancreas
(Reiser, 1967; Levine, 1970)*

Thus some stimulation of insulin

secretion, which could retard the hyperglycemic process, may
be beneficial during the early stages of gram negative infec
tion.

Arginine is a potent stimulus of insulin secretion

(Ragans et aL, 1967; Samaan, Goplerud, and Bradbury, 1970)
and this release is not affected by epinephrine as is glucose
induced insulin release.
Catecholamine secretion could further impair host
energy metabolism through stimulation of adrenocorticotrophic
hormone (ACTH) which depresses glucose phosphorylation (Morgan
et aL, 1961).
Glueoneogenesis seems to be impeded during bacteremic
shock (McCallum and Sword, 1970, 1972 a,b; Sword and Kingdon,
1971; Berry, 1971; Rippe and Berry, 1972), thus furthering
depletion of energy reserves.

This process is regulated by

existing ATP levels which may be diminished either by tissue’
oxygen debt (Newsholme and Gevers, 1967) or by the direct
action of bacterial toxins on host phosphorylation or ATPase
activity (McCallum and Sword, 1970, 1972 a,b; Sword and Kingdon,
1971)*

Bacterial effects on carbohydrate regulatory mechanisms

may also inhibit essential enzymes via unknown mediators
(Berry, 1971; McCallum and Berry, 1972).

ATP could be one

such mediator as supressed glueoneogenesis can be restored
with recovery of hepatic ATP concentration (Tani and Ogata, 1970).
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Ammonia involvement with impaired energy metabolism.
All host tissues suffer from impairment of mechanisms
necessary to supply energy yielding reactions during infec
tion.

The train is particularly susceptible to depletion of

energy reserves (Quastel, 1969) and glucose and ATP are among
the chief energy sources for this organ (Mcllwain, 1959 a,b).
Hypoglycemia can cause irreversible central nervous system
changes which lead to convulsions and death (Smith, 1965;
Pinestone and Wohl, 1970)*

Tn addition to the lesions described,

hyperammonianemia, if it becomes associated with an infection
sequence, could exascerbate the decline in energy yielding
compounds in the brain as well as other tissues.
Sources of ammonia.
Ammonia is a fundamental cellular poison which enters
the circulation from the kidney, by deamination of amino acids,
and by bacterial enzyme action acting upon nitrogenous sub
stances within the lumen of the gastrointestinal tract.
Hrea is an important substrate for intestinal ammoniagenesis (Swales, Tange, and Wrong, 1970) and- this may be an
essential process in reincorporation of urea nitrogen into
protein (Wrong, 1967).

Of the urea released from the liver

about one-fourth enters the digestive tract thereby providing
a rich substrate for urease activity (Lieber and Lefevre,
1959)*

Hrea hydrolysis, however, usually occurs faster than

assimilation of liberated ammonia for nutrient and protein
synthesis, and thus excess ammonia may enter the circulatory
system (Chalupa, 1972).
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Almost all enteric bacteria contribute to intestinal
ammoniagenesis (Summerskil and Wolpert, 1970; Castell, 1971)
and antibacterial agents significantly reduce ammonia produc
tion in the gut (Silen et aL, 1955)-

Lowering of the intra

luminal pH may also reduce the contribution of intestinal
ammoniagenesis to blood ammonia levels (Price et aL, 1967)
thus suggesting that passive nonionic diffusion is the mechanism
of intestinal ammonia transport.

This process is operative

in absorption from human (Wrong, 1967; Swales et aL, 1970;
Castell and Moore, 1971) and canine (Price et al, 1970)
intestines and this absorption of ammonia increases’exponen
tially with pH.

In fact, as little as a 0.3 unit rise in pH

may double the amount of ammonia in the nonionic state and
preferentially absorbed (Visek, 1972).

Urea hydrolysis

contributes to elevation of intraluminal pH (Lieber and
Lefevre, 1959)*
Elevation of intestinal pH enhances secretion of
bicarbonate into the lumen (Swales, Tange, and Wrong, 1970)
where it facilitates ammonia transport.

In addition, if

infection alters the reabsorptive capacity of the colon a
selective accumulation of bicarbonate in the lumen may occur
(Grady and Keusch, 1971)*

It is interesting to note that the

composition of the rice-water stool in cholera is a protein free plasma filtrate, but of greater alkalinity and bicarbonate
content than normal (Craig, 1971)*
Pactors other than increased pH and urea availability
in the intestine may affect net ammonia release into the
portal circulation.

Gastrointestinal bleeding contributes
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plasma proteins and erythrocytes as ammoniagenic substrates
(Ealoon and Evans, 1970).
The kidney is also a source of ammonia, particularly
in the event of hepatic insufficiency (Dunea and Ereedman,
1968; Ealoon and Evans, 1970).

Renal excretion of excess

acid is accomplished through accelerated ammonia liberation
from glutamine (Ereuss, Weiss, and Adler, 1971)-

Potassium

deficiency is often accompanied by a relative extracellular
alkalosis and intracellular diffusion of ammonia (Shear and
Gabuzda, 1970; Castell, 1971)*

During this hypokalemic state

there is an increased rate of delivery of renal ammonia into
the systemic circulation.
Insulin may also affect blood and brain ammonia levels,
as both of these tissues were characterized by elevated
ammonia levels following injection of the hormone (Roberge
and Charbonneau, 1969).

The effect of insulin on ammonia levels

may be through mobilization of amino nitrogen in preparation
for protein synthesis (Brown et aL, 1969).

In the hepatocyte

amino acids may not be fully utilized and excess ammonia may
be allowed to leave the cell.

The toxicity of these ammonia

elevations is indicated by the observation that although
arginine causes hypoglycemia as a result of its stimulatory
effect on insulin secretion, all rats treated with arginine
survived, in contrast to animals made similarly hypoglycemic
with injected insulin.

Therefore the protective effect on

arginine was not related to glucose levels, but to effects on
tissue ammonia levels.
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Mechanisms of ammonia toxicity.
Elevated ammonia levels have been associated with
hepatic encephalopathy, a disturbance of cerebral function
as a result of hepatic disease (Walker and Schenker, 1970).
During hepatic coma cerebral oxygen consumption is depressed
and oxidative metabolism is impaired.

As a consequence, energy

production in the brain is decreased, particularly in the
base (Walker and Schenker, 1970; Schenker et ah, 1967).

This

depletion seems to be related to ammonia detoxification through
formation of glutamine.

If mice intoxicated with ammonia are

treated with methionine sulfoximine, a substance which impairs
conversion of glutamic acid to glutamine through interference
with glutamine synthetase, the toxicity of the ammonia is
reduced although potentially toxic levels are still present
(Walker and Schenker, 1970).
The base of the brain is apparently more sensitive to
the toxic effects of ammonia than the cortex as similar amounts
of ammonia were found in both regions (Schenker et al», 1967).
Basilar ATP, glucose and glycogen, and phosphocreatine - all
major sources of intracerebral energy - fell markedly during
ammonia induced coma.

Prevention of cerebral glucose decline

by pretreatment with glucose did not alter the fall in basilar
ATP.
The tricarboxylic acid (TCA) cycle is the chief source
of ATP in the brain and glutamine formation during ammonia
detoxification would deprive this cycle of alpha ketoglutarate
(Bessman and Bradley, 1955; Visek, 1972).

Ammonia stimulates

cerebral glycolysis, causing decreased brain glucose and an
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increase in the lactate-pyruvate ratio (Prior et aL, 1971;
Walker and Schenker, 1970)*

Ike latter effect is due to

blockage of the oxidative decarboxylation of pyruvate and
entry into the TCA cycle due to the relative lack of oxalacetic
acid for condensation with acetyl GoA to form citrate (Visek,
1972).
Depletion of alpha ketoglutarate further affects
cerebral energy synthesis through reduction of nicotinamide
adenine dinucleotide (NAD) necessary for mitochondrial energy
generation.

ATP levels could be further reduced daring ammonia

intoxication through stimulation of membrane bound ATPase.
As little as a 33% decrease in rat brain ATP has been asso
ciated with death (Walker and Schenker, 1970)*
Impairment of normal neural energy metabolism by
ammonia could, among other effects, reduce ATP dependent
synthesis of acetylcholine (Gabuzda, 1967; Walker and Schenker,
1970)*

Subsequent studies, however, indicate that cerebral

stores of acetylcholine as well as serotonin and norepinephrine
are normal during ammonia intoxication (Walker et al#, 1971)*
A TCA cycle lesion in the brain is more severe than in
other organs because the brain possesses fewer mechanisms for
replenishing losses from this cycle (Bessman and Bradley,
1955).

The brain is impermeable to replenishment by TCA cycle

intermediates or aspartate which could form oxalacetate, and
it also lacks the necessary enzymes for oxalacetate synthesis
from condensation of pyruvate with carbon dioxide.
The brain survives only a short time in the absence
of glucose (Quastel, 1969) and the brain is the first tissue
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affected by hypoglycemia (Roberge and Charbonneau, 1969)*

The

level of blood glucose, however, may not directly determine
brain levels.

For example brain glucose depletion was noticed

in rats in ammonia induced stupor whereas blood glucose was
unaltered (Schenker et al., 1967)*

-Ammonia appears to alter

glucose transport or phosphorylation in brain tissue (Prior
et al., 1971).
In peripheral tissues ammonia toxicity is not related
to withdrawal of alpha ketoglutarate from the TCA cycle
(Dawson et al., 1957)*

Ammonia in the liver is capable of

depleting reduced pyridine nucleotides (Clifford, Rrior, and
Visek, 1969; Visek, 1972; Katuhuna, Okada, and Rishii, 1966).
As a result the pentose shunt and thus DNA synthesis is
impaired (Visek, 1972).

Oxygen uptake is inhibited in phos-

phorylating rat liver mitochondria when alpha ketoglutarate
or pyruvate is used as substrate, due to competition for NADH
between glutamic dehydrogenase and the electron transport
chain (Worcel and Ericinska, 1962).
Ammonia has profound effects on carbohydrate metabolism.
Injection causes a transient hyperglycemia as a result of
increased glycogenolysis followed by hypoglycemia due to
insulin release (Prior, Clifford and Visek, 1970; Prior et al.,
1971; Visek, 1972).

Phosphofructokinase activity is sensitive

to ammonium concentration and probably accounts for the
ability of this ion to stimulate glycolysis (Visek, 1972).
During ammonia intoxication insulin half life may be
extended (Merrill and Hampers, 1970), but tissue sensitivity
to the hormone may be impaired (Horton, Johnson, and Lebovitz,
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1968; Prior et al., 1971).

The mechanism of insulin insensi

tivity is unknown.
Renal gluconeogenesis is inhibited by action of ammonia
between glutamate and alpha ketoglutarate (Klahr, 1971)*

In

addition, by an unknown mechanism, ammonia can directly damage
renal tissue (Visek, 1972).

Urease producing strains of

Proteus, in contrast to their nonurease producing mutants,
cause severe renal damage.
Ammonia detoxification.
Normally muscle, liver, and brain take up ammonia from
the blood (Preuss et aL, 1966).

In muscle ammonia reacts with

pyruvate to form alanine, the form in which ammonia is returned
to the liver (Felig et al», 1970)*

In liver and brain ammonia

is eliminated by entry into detoxification pathways at one of
three points;

glutamate, glutamine, or carbamyl phosphate.

Liver aspartate is formed through transamination from gluta
mate and enters the urea cycle by interaction with citrulline
(Prior, Clifford, and Visek, 1970).
The urea cycle is not functional in fetal rats but
develops rapidly after birth (Miller and Chu, 1970)*

This

cycle may be impaired under a variety of pathological condi
tions, and when liver damage reaches a certain degree the rate
of ammonia production may exceed conversion of ammonia to
urea (Lechi, Lechii, and Cascio, 1969).

Increased serum

arginase activity has been reported after inoculation of rats
with endotoxin (Kumate et aL, 1958) and arginine disappears
from livers of chicks infected with S. pullorum (Ross, Holtman,
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and Gilfillan, 1955 a).

Furthermore the urea cycle requires

an adequate supply of metabolic energy (Visek, 1972), but
during hepatic failure ATP levels may be so reduced that urea
cycle efficiency is impaired (Brcwn et aL, 1967).
Ammonia toxicity has been alleviated by stimulation
of the urea cycle via treatment with amino acid intermediates
(Katuhuna, Okada, Kishii, 1966; DiRose, 1968; Goldsworthy et
al,, 1968; Prior, Clifford, and Visek, 1970).

Although

ornithine and citrulline seem equally effective, arginine
appears to be the most widely used of these intermediates.
A close relationship appears to exist between ammonia
and glucose metabolism due in part to the common use of
oxalacetate and aspartate in both the TCA cycle and the urea
cycle (Brown et aL, 1967 a,b).

During liver disease with

elevated ammonia, administration of glucose causes further
elevation of ammonia.

This phenomenon was not found in healthy

livers and there was no correlation of hepatic ATP levels or
urea cycle enzyme activity with blood ammonia levels after
glucose administration (Brown et aL, 1969).

In follow up

studies, however, Sy et al, (1968) were unable to detect any
effect of glucose on blood ammonia levels in patients with
liver disease.
Urea formation is not an important detoxification
mechanism in the brain.

In this tissue glutamine synthesis

is the principal means for ammonia elimination (Katuhuna,
Okada, and Nishii, 1966).

Thus with elevation of cerebral

ammonia levels more and more alpha ketoglutarate is diverted
through glutamic acid to glutamine with the expenditure of
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energy (McKhann and Tower, 1961).

Glutaminase activity may

be competitively inhibited by ammonium ions (Schoffeniels,
1969) so that glutamate levels are depleted.

The net effect

of excessive glutamine formation in the brain is depletion of
four carbon dicarboxylic acids of the TCA cycle, accumulation
of pyruvate and lactate secondary to a relative lack of
oxalacetate to form citrate, reduction of oxygen consumption,
as well as depletion of ATP secondary to increased synthesis
of glutamine.
Relation of ammonia to lethality of bacterial infections.
In spite of the established toxicity of ammonia, the
relationship of this substance to bacterial infections has not
been adequately evaluated.

The only association reported has

been the involvement of ammonia in chicks infected with
Salmonella pullorum. Liver amino acid studies found a decrease
in four amino acids (Ross, Holtman, and Gilfillan, 1955 a),
but of the amino acids lost only the replacement of arginine
increased survival (Ross, Holtman, and Gilfillan, 1955 h).
This observation led to the discovery that the urea cycle,
lost during early embryonic development, is reactivated during
pullorum infection, but for unknown reasons becomes impaired
late in infection with a concomitant fall in urea and rise in
ammonia in the blood (Ross, Holtman, and Gilfillan, 1956).
In contrast to the chick model, mammalian infection may not
be accompanied by urea depletion.

Instead nonprotein nitrogen

(mostly urea) is greatly increased in mice inoculated with
endotoxin (Berry and Smythe, 1961).

An attempt was made to
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influence IjD^q of endotoxin by injection of urea, but absolute
lethality was unaffected.

No attempt was reported, however,

to detect differences in the rate of death.
Study of infection in the mouse model.
Bacteria injected intraperitoneally travel via the
lymphatics to the lymph nodes and, if not held there, enter
the blood stream and produce generalized infection (Wilson and
Miles, 1966).

Death has been attributed to the attainment of

a given population of viable pathogenic organisms in the host
tissues (Berry and Smythe, 1965; Smith, 1965).

It is possible

to bypass the stages in the normal establishment of an infec/ 8 to 109'
tion by intraperitoneal inoculation of large doses (10
cells/ml) of virulent microorganisms (Bartell et aL, 1968;
Smith et al, 1966).

This treatment produces a rapidly lethal

infection (4 to 6 hours), the events in which correspond well
with those associated with natural infections (Smith, 1965).
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CHAPTER III
MATERIALS AND METHODS
Bacteria.
Stock cultures were maintained on trypticase soy (TS)
agar (Difco) slants.

Twelve-hour cultures in trypticase soy

"broth were centrifuged, washed three times, and resuspended
in physiologic saline for injection.
The bacterial strains used included S. aureus UHH 570,
a strain characteristic of bovine-derived strains and highly
virulent for mice (Chesbro, Wamola, and Bartley,
Chesbro, Taylor, and Smith, 1972), and 14609, a strain charac
teristic of human derived strains highly virulent for mice
(Chesbro, Taylor, and Smith, 1972).
S. aureus was also used.

The Giorgio strain of

This mouse virulent strain was of

the human-derived type on the basis of fibrinolysin and thionin
activity and was virulent for mice.

A mouse-derived strain

of K. pneumoniae was used as a representative gram negative
organism.
Detection of fibrinolysin activity.
Rabbit blood (10 ml) collected from the ear vein was
collected in sterile 10% sodium citrate (l ml).

Citrated

rabbit plasma (12%) was added to extract agar and placed in
a 56° C water bath for 15 minutes before pouring into Petri
dishes.

Bacteria from TS broth suspensions were spotted on

this medium with a wire inoculating loop and incubated 18 24 hours at 57° C (Wamola, 1967).

A clear zone around the

bacterial colony was indicative of fibrinolysin activity.
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Thionin reduction.
[Twelve ml of extract "broth containing 2% glucose was
inoculated and incubated 18 hours at 57° 0 with no shaking.
An aliquot (0.2 ml) of this culture was added to 4 ml of
extract broth (Difco) containing 0.005% thionin (Chesbro,
Taylor, and Smith, 1972) and incubated at 37° C on a water
bath shaker.

The color reduction of this medium was observed

every 10 minutes over a 60 minute period.
Infection.
Mice were either inoculated intraperitoneally with
o

q

1 ml of 10 - 10“ viable organisms/ml or subcutaneously with
0.2 ml of the same bacterial suspension.

Mean survival times

from inoculation to death for the first 50% (MST^q) of the
mice were determined.

Time of death was that point at which

convulsions ceased and no breathing was discernable.

Comparison

of identically treated groups found these criteria to be
reliable indicators of death.
Clearance of microorganisms.
Tissues for bacteriological quantitation were rinsed
and homogenized in saline.

Plate counts of serial dilutions

of homogenates were made to determine the number of organisms
in host organs.
Histology.
Entire gastrointestinal tracts were excised and placed
in 10% buffered formalin [one part aqueous commercial formalin
(40% solution of formaldehyde) to nine parts water and neu
tralized by adding calcium carbonate]] for 24 - 48 hours.
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Organs were then transferred to and stored in 70% alcohol
until preparation for histological examination.

Paraffin

blocks were prepared and microscopic sections were cut and
stained with Harris Alum hematoxylin eosin technique.
Arginine assay.
Livers were weighed and homogenized in 5 ml sodium
citrate buffer (pH 2.2) and centrifuged at 78,000 g (Beckman
L2,65B ultracentrifuge, Ti60 rotor) for 30 minutes (Gerritsen,
Rehberg, and Walsman, 1965).

Following this 1 ml aliquots

of the supernatant fluid were mixed 1:1 with 10% trichloracetic
acid, centrifuged at 3?000 rpm in an International Model UY
centrifuge for 10 minutes, and the resultant supernatant fluid
brought to 5 ml with pH 2.2 diluting buffer and analyzed in
a Beckman 120 C amino acid analyzer equipped with a Beckman
#125 integrator according to the procedure of Spackman, Stein,
and Moore (1958).
Cecal pH.
Ceca were quickly removed from killed mice, separated
from the intestine and 1 ml double distilled water injected
from the proximal intestinal end toward the blind end.

The

latter end was snipped with scissors and the cecal contents
gently expressed into a small plastic cup.

The pH values of

water after rinsing ceca of infected or uninfected mice were
compared.
Plasma insulin determination.
The Phadebus insulin test (Pharmacia) is based on the
principle that the uptake of iodinated insulin (insulin - ^ ^ 1 )
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on an immuno absorb ant varies inversely with the quantity of
unlabelled insulin present in the original mixture.

In

practice an aliquot of the sample to be determined is mixed
with a given amount of 125
■'I labelled insulin and a certain
amount of an immunosorbant consisting of sephadex particles
to which insulin antibodies have been coupled.

After incu

bation the particles are sedimented by centrifugation, washed,
and the radioactivity bound to the sephadex particles is
measured on a gamma counter (Packard Instruments).
The test is supplied in kit form and the procedure
accompanying the kit was followed exactly.
Glucose determination.
Pive ml of orthotoluidine solution (6% in glacial
acetic acid) were added to 0.1 ml of distilled water (blank)
or plasma in a 10 ml tube.

After mixing the samples were

immersed in an 80° C water bath for exactly 20 minutes.

Upon

completion of this incubation the tubes were brought to room
temperature by placing in an ice bath.

The optical density

of the clear green solution produced by this treatment was
measured in a 1 cm cell at 630 nm in a Bausch and Lomb Spectronic
600.

The spectrophotometer was set on 100% transmittance with

the reagent blank solution.

If the O.D. of the test solution

was greater than 1.00, the test solution was diluted with an
equal volume of ortho-toluidine reagent, mixed, and reread.
A glucose stock solution (10,000 jug/ml) was used to
prepare working standards ranging from 500-3000 ;ug/ml.

The

procedure for plasma glucose was run with 0.1 ml of standard
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and the O.D. plotted against concentration to construct a cali
bration curve.
Ammonia determination.
Blood ammonia determination was conducted according
to the method of McCullough (1967, 1968).

Blood collected by

retroorbital bleeding (Blood for ammonia determination is
usually collected anaerobically.

Repeated determinations,

however, proved that the procedure employed was reproducible.)
into heparinized tubes in an ice bath was pipetted (2 ml) into
a 10 ml tube containing 1 ml of 10% sodium tungstate.

To

this was added 1 ml of 1 N HgSO^ and the contents of the tube
were thoroughly mixed.

The samples so collected were centri

fuged on an International centrifuge, Universal Model UV at

3,000 rpm for 10'minutes within 90 minutes of mixing.
The clear supernatant fluid was removed and recentri
fuged to insure complete precipitation of all particulatematter.

The supernatant fluid containing the ammonia was

pipetted (0.5 ml) into a 10 ml tube and, if necessary, stored
frozen for up to 48 hours.
An ammonium stock standard (100 jdg RH^-U/ml) was made
by dissolving 0.471 g (RH^^SO^ in one liter of distilled
water.

The working standard was obtained by diluting the

stock to a concentration of 2 jug/nl in distilled water.
Standard solutions ranging in concentration from 500-2,000
ng/ml were prepared for assay with each set of unknowns.
Ammonia in the sample supernatant fluid was determined
colorimetrically by adding 2.5 ml of reagent I (10 g phenol
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and 50 mg sodium nitroprusside in one liter of water) and 2.5
ml of reagent II £5 g NaOH, 53-7 g Na2HP0^*12 HgO, and 10 ml
sodium hypochlorite (10-14% Cl) or commercial grade chlorox
(Walker and Shipman, 1970) in one liter of water], with
thorough mixing after each addition.

The samples so prepared

were incubated at 37° 0 for 35 minutes and absorbance read at
625 nm with a 1 cm light path in a Bausch and Lomb Spectronic
600.

The standard which is closest in concentration to that

of the blood sample is used in the following calculations:

NH^Utg NH^-N/100 ml)

test solution - blank 2
standard - blank

concentration
of standard

Standards were linear and ammonia concentration could alter
natively be calculated from a graph of standard absorbances.
In later analyses the procedure above was reduced
proportionately to accommodate a 0.5 ml sample of whole blood
and 0.2 ml of sample supernatant fluid.
Arp;inase assay.
As described by Schwartz (1971)? one ml of sample was
mixed with 0.5 ml of glycine buffer (9*384 g glycine in 800
ml water was adjusted to pH 9*5 and brought to a final volume
of 1 liter to give an 0.125 M solution) and warmed to 37° 0*
An 0.24 M L-arginine solution (5*057 g L-arginine*HCl in 80
ml of water was adjusted to pH 9*5 with IN NaOH and brought
to a final volume of 100 ml) previously warmed to 37° 0 was
added and the mixture incubated at 37° 0 for 120 minutes.
This reaction was stopped by the addition of 1 ml trichloracetic
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acid (10% w/v).

After centrifugation an aliquot was removed

for urea determination.

The value so obtained was subtracted

from a urea value obtained on an aliquot of the original
sample not incubated with arginine.
Blood urea nitrogen.
Plasma samples were analyzed by an Auto Technicon
autoanalyzer equipped to determine blood urea nitrogen (BUN)
according to the method described by Marsh, Pingerhut, and
Miller (1965).

A colored product is formed when urea, in a

weak acid solution reacts with diacetyl monoxine in the
presence of thiosemicarbazide and ferric ion.
Determination of gastric emptying.
Small (18-20 g) mice were fasted overnight and inocu
lated intragastrically with 0.25 ml of nearly saturated
phenol red delivered via a 1%" 21 g blunt-tipped hypodermic
needle attached to a 1 ml syringe.

Stomachs from mice so

treated were either removed immediately (0 time) or 60 minutes
later.

Stomachs were placed in a 10 ml graduated cylinder

and the volume brought to 2 ml with distilled water.

The

contents of the graduated cylinder were transferred to a glass
tube and homogenized with a teflon grinder.

The homogenate

was centrifuged at 2,000 rpm for 10 minutes and 0.8 cc of the
supernatant fluid removed and mixed with 0.2 ml of 1.5 N TCA.
This mixture was centrifuged 3 ?500 rpm in an International
centrifuge Universal Model UV for 10 minutes and 0.8 ml of
the supernatant fluid removed.

To this supernatant were added

0.3 ml of 1 N NaOH and 3*9 ml of ethanol.

The pH of these
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samples was approximately 13.0 and each was adjusted to a
standard pH of 13.4- with 5 N NaOH on a glass rod.
of the standardized solutions was read at 560 m

Absorbance
in a Bausch

and Lomb Spectronic 600 and the percent of the dye remaining
in the stomach at 60 minutes calculated.
Preparation and purification of E. coli DNA for nuclease
assay.

(Miura, 1967)
A thymine negative strain of E. coli (JC 411), main

tained on nutrient agar was inoculated (0.2 ml) into 1 liter
of medium prepared as follows:

a concentracted (10X) salt

solution composed of 5*8 g NagHPO^, 3*0 g IQ^PO^, 5.0 g NaOl,
and 1.0 g NH^Cl in 100 ml of water was mixed with 2.5 ml of
thymine (400 mg/ 200 ml water = 5 mg/2.5 ml), 5 S of casamino
acids, 870 ml of water, and 1 ml of

thymine (lO^c).

This

solution was autoclaved and then each of the following separately
autoclaved components added:

one ml of MgSO^ (MgSO^^HgO, 24.6

g/100 ml water), 1 ml of vitamin

solution (500 mg thiamine/

100 ml water), and 25 ml of glucose (40 g glucose/160 ml water).
The E. coli culture from a nutrient agar slant was
passed twice in 10 ml portions of the medium in a 37° 0 water
bath with shaker.

After inoculation of the broth as described

above, the flask was placed on a circular shaker at 37° C and
incubated 10-12 hours or until the Klett reading reached 200.
The cells were centrifuged at 4° C for 5 minutes at
10,000 rpm, in a Sorval Model RC-2 centrifuge, and resuspended
in 100 ml cold Tris EDTA saline (TES) solution (1.21 g Tris,
3.72 g Na2EDTA, and 11-7 g HaCl per liter of water and adjusted
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This suspension was transferred to a stoppered

reagent bottle equipped with metal collar for holding the cork
in place and warmed to 37°

ml of lysozyme solution were

added and the preparation was incubated at 37° 0 for 10 minutes
with occasional shaking.

After incubation 150 mg of pronase

was added followed by 4 ml of 25% Dupanol (25 g sodium dodecyl
sulfate in 75 ml water), with shaking after addition of each
ml.
After 4 hours incubation with occasional shaking at
37° 0 the solution was adjusted to pH 8.0 with NaOH and 100
ml of cold TES buffered phenol (TES added to saturated phenol
until water layer forms) added.

This extract was placed on

a ball mill for 30 minutes at the 25 speed setting, and then
centrifuged in 50 ml tubes at 15,000 rpm for 15 minutes.
The supernatant fluids were withdrawn and the contents
remaining in the tubes pooled and recentrifuged so that the entire
supernatant fluid could be recovered.

The supernatant fluid was

then dialyzed (dialysis tubing boiled 5 min in 1% NaHCO^) at
4° C against dilute saline citrate (13•2 g NaCl, 6.2 g Na citrate,
and 3 liters water.
liters HgO added).

The pH was adjusted to 7*0 and another 12
Dialysis medium was changed as follows:

two

2 h changes, overnight, followed by five more h changes, and
then overnight.

The contents of the dialysis bag were transferred

to a bottle equipped with metal collar for retaining the stopper
and warmed to 37° C.

RNase solution (6 mg/ml saline and boiled

10 minutes) was added dropwise with stirring and the mixture
incubated at 37° 0 for 2 hours with occasional shaking.
pH was adjusted to 8 .0-8.5 with 5 N NaOH.

The
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After incubation 100 ml cold buffered phenol was added
and the bottle placed on a resuspender ball mill (4° C, 25
speed setting) for 30 minutes.

The phenol-treated mixture was

centrifuged at 8,000 rpm for 10 minutes, the supernatant fluid
recovered and dialyzed against dilute saline citrate as follows
overnight, followed by five 2 h: changes, then overnight
followed by one 5 h. dialysis.

The purified DNA was refriger

ated until needed.
Diphenylamine assay for D M purified for use in nuclease assay.
D M standards £0.4- mg salmon sperm DM/ml 5 mM NaOH
(100mg/500 ml water )jwere prepared to cover a range of 40-320
g/ml.

The 0.5 N perchloric acid was prepared from IN HCIO^

stock (8-7 ml cone perchloric acid/91 ml water).

The unknown

D M sample was mixed 1:1 in 1 N HCIO^ and all samples heated
at 70° C for 15 minutes.
Acetaldehyde reagent (prepared fresh before use, 0.2
ml acetaldehyde/10 ml water) was added to diphenylamine reagent
(1.5 g diphenylamine, 100 ml acetic acid, and 1.5 ml cone
HgSO^) and 4 ml of this solution added to the samples (2 ml).
Samples were incubated 16-20 hours at 30° 0 an<3- absorbance
read at 600 nm in a Bausch and Lomb Spectronic 600.
Preparation of filters for nuclease assay.
Membrane filters (Schleicher and Schuell B-6 Selectron

25 mm) were placed in a glass filter holder mounted on a 2
liter sidearm flask attached to a vacuum via 2 additional
flasks.

The filters were prewashed with 5 ml of solution A

£52.38 g NaCl (0.9M) and 25.4 g Na citrate (0.09 M) per liter
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water and adjusted to pH 7*oJ.

After washing 5 ml of DNA

solution (previously prepared, was heated in boiling water
for 10 minutes and then rapidly cooled in an ice bath to yield
single-stranded DNA which was diluted in solution A to give
a working concentration of 4- /|g/ml) was allowed to pass
through filter at a rate of 2 drops/second.
The filters were next washed with 1 ml then 9 more
ml of solution A.

Filters so prepared were dried overnight

in vacuo over Drierite at room temperature, then heated in
vacuo for 2 hours at 80° C.

Filters were stored over Drierite

until used.
Tissue nuclease assay.
Tissue samples were diluted 1:1 (w/v) with distilled
water and homogenized with a teflon grinder.

An equal volume

of solution D (9 vol. 0.05 M Trishydrochloride, pH 8.8 , plus

1 volume 0.2 M CaC^) was added to the homogenate and the
mixture heated at 100° C for 10 minutes.

The heated nuclease

samples were cooled in ice.
Filters were pretreated (Denhardt, 1966) for 2 hours
in solution C (made freshly, solution C contained 0.1% bovine
serum albumin - Fraction V, 0.1% ficoll, and 0.1% polyvinyl
pyrrolidone - M.W. 560,000, dissolved in solution B.

Solution

B consisted of 1 volume solution A and 1 volume of water.) and
then rinsed in solution D before proceeding.
Homogenates were warmed to 37° 0, ome additional ml
solution D added and the mixture shaken vigorously on a vortex
mixer.

The samples were then poured over treated filters
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contained in scintillation vials and incubated 30 minutes at
37° C on a water bath.

Three control filters were incubated

in 1 volume solution D + 1 vol. water.
After incubation the sample was removed from the
filter by an aspirator and 2 ml solution B added to stop the
reaction.

The vials were placed on a water bath shaker for

2 minutes at 37° G? then the solution was aspirated.
rinse step was repeated four times.

This

After the fourth rinse

care was taken to remove all solution B droplets.

Washed

filters were dissolved in 5 ml aquasol scintillation fluid '
(New England Nuclear Corp.) overnight in the cold.

Quenching

was no problem in these assays although fluid in some vials
took on a milky appearance.
Following the scintillation count jtfg DNA released/
ml or g/h / were calculated:
cpm sample _ cpm average of
filter
control filters
cpm average of
control filters

20

DNA-,
^ filter ^

(g tissue or ml
plasma) (h: )

Significance of differances in treatment groups was determined
by Duncan's new multiple-range test (Steel and Torrie, I960).
Preparation of Limulus amebocyte lysate.
The procedure followed was that described by Reinhold
and Pine (1971)•

All chemicals and equipment involved with

lysate preparation and subsequent use in endotoxin determina
tion must be rendered pyrogen-free.
hours at 175° C*

Glassware was baked 3-^

Water was double distilled in glass.

Plastic
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sterile disposable tubes and pipettes were used directly from
their wrappers.
Female horseshoe crabs (Limulus polyphemus) were used
because of their large size.
before bleeding.

Animals were held at 18-20° C

A 12 guage siliconized hypodermic needle

was inserted into the ventral sinus of the cardiac chamber at
the junction of the cephalothorax and abdomen and the blood
allowed to flow into siliconized 500 ml flasks containing
250 ml of cold MEM solution (0.125% H-ethylmaleimide in 5%
saline; pH adjusted to 7*4 with Tris).

HEM solution must be

prepared fresh daily.
Amebocytes were harvested by centrifugation in sili
conized bottles for 10 minutes at 600 rpm at 4° C (Exposure
to HEM for more than 90 minutes should be avoided.) and the
hemolymph decanted.

Cells were washed 5 times in 3% HaCl

(approximately 6 ml saline/ml cells).

After washing, 6 ml

of water was added per ml amebocytes and the suspension allowed
to sit at 4° 0 with occasional shaking for 24-48 hours.
Lysed cells were removed by centrifugation and the supernatant
fluid (lysate) was ready for use.
Lysate was stored frozen or at 4° C.

Flocculation

occurs in the refrigerated samples, but it can be removed by
centrifugation and does not affect lysate activity.
Endotoxin determination.
Samples, either diluted or undiluted in water, were
allowed to interact 1:1 with 0.1 ml of the lysate for 60
minutes in a 37° 0 water bath.

After incubation the presence
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of a solid gel when the tube was turned on its side was taken
as a positive reaction.
To 1 ml of heparinized plasma or tissue homogenate
supernates was added 0.1 ml 12.5% glacial acetic acid (2.9 N,
pH 2.2) and the resulting pH should be 4.0 i 1.

The pH was

then raised to 6.2 - 0.1 by addition of 0.05 ml 50% (w/v)
anhydrous dibasic potassium phosphate buffer (KgHPO^, pg 9.4 ).
following the pH shift it was necessary to recentrifuge tissue
homogenate samples to remove proteins.
Samples (0.1 ml) were diluted through a series of
doubling dilutions (water blanks) and the titration end point
compared with that obtained from an endotoxin standard of
known concentration.
Alloxan treatment.
Mice were made diabetic by subcutaneous injection of
5 mg alloxan in 1.0 ml water.

This dosage was repeated at

24 hours from the first injection.

Experimental work was

initiated at 48 hours from the first injection.
Statistical significance.
Significance of differences was obtained by the t
test (Guilford, 1965).
p £ 0.05.

Significant values are those in which
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CHAPTER IV
RESULTS
Microbial invasion and metabolism.
Tissue invasion. Table 1 demonstrates the more
extensive invasion of bost tissues by K. -pneumoniae as com
pared to H. aureus. This difference is especially apparent
in the brain during the former infection.

Liver counts were

roughly comparable between the two organisms, but lungs and
kidneys appear to be more heavily invaded by K. pneumoniae.
In S. aureus infected animals the liver was most heavily in
vaded followed in descending order by kidney, lung and brain.
In mice infected with K. pneumoniae the highest number of
organisms was found in the kidney with lesser amounts in
liver, lung and brain respectively.
Treatment of infected mice with 100 mg arginine or
200 mg glucose appears to increase staphylococcal numbers
found in the kidney.

Glucose treatment seems to increase the

number of K. pneumoniae invading brain, liver, and lung
tissue, but no effect was noticed on kidney invasion.

Arginine

treatment, however, enhanced numbers of K. pneumoniae in the
liver, lung'and kidney.
Mice infected with K. pneumoniae and subsequently
treated with ornithine (100 mg) showed much higher lung and
liver bacterial counts than saline treated mice (Table 2).
Comparison of viable counts of liver and kidneys of
mice infected with either the human (14609) or bovine (570)
strain of S. aureus revealed similar liver counts (Table 3)*

Table 1
Viable Bacteria Present in Tissues of Glucose or Arginine
Treated Mice Infected with Staphylococcus aureus (14609)
or Klebsiella pneumoniae

Microorganisms / g tissueb
S. aureus
Treatment

Brain

Liver

Lung

K. pneumoniae
Kidney

Brain

Liver

Lung

Kidney

Saline

<105

3.2xl07

3.OxlO6

6.5xl06

1.2xl05

3.9xl07

1.5xl07

1.5xl08

Arginine
(100 mg)

<105

4.6xl07

l.OxlO6

3.1xl07

l.lxlO5

1.9xl08

9•6xl07

3.OxlO8

Glucose
(200 mg)

<105

4.6xl07

2.OxlO6

1.OxlO7

2.8xl06

7-7x107

2. 2xl08

1.4xl08

Tissues from 5 animals similarly treated were pooled shortly before death.
Experiments as shown above were conducted 2 times (_S. aureus) or 3 times
K. pneumoniae and demonstrated trends consistent with those shown above.

-F=-
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Table 2
Effect of Ornithine on Tissue3 Bacterial
Counts of Mice Infected with
Klebsiella pneumoniae
Microorganisms/g tissue
Lung
Liver

Treatment
Saline

3-7xl05

1.7xl06

Ornithine
(100 mg)

3.3xl07

2.4xl07

aTissues from 5 animals similarly treated
were pooled shortly before death.

Table 3
Liver-Kidney Bacterial Counts and Nuclease
Levels with UNH570 (bovine) or 14609 (human)
strains of Staphylococcus aureus
S. aureus

Microorganisms/g
tissue3
Liver Kidney

Euclease (xIE DltfA-,
released K”lhr_1
Liver
Kidney

Human
(14609)

5-7xl06 2.9xl06

52.3-8.7

Bovine
(UNH570)

4.6xl06 4.5xl05

17.1*9.1 18.7-4.2
(11)

72.7-l.7d
(I7)e

aTissues from 5 animals similarly treated
were pooled shortly before death.
v
Each sample, taken shortly before death,
represents pooled tissues from 2 animals.
°Mean - standard deviation.
^Significantly different from liver value (p ^ 0.05)
eTotal number of samples (n) compared.
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The human strain, however was found in higher numbers in the
kidney than the bovine strain.

Nuclease levels reflected the

distribution of microorganisms, but higher values overall were
obtained by infection with the human strain.
Staphylococcal nuclease levels and distribution. Anal
ysis of the tissues of infected mice, mice receiving injections
of washed, heat-killed cells, and tissues from untreated mice
mixed with culture broth supernatant fluid of UNH 570 are
shown in Table 4-.
Tissues mixed with culture supernatant fluid showed
spleen, kidney, liver, and carcass to possess some ability to
quench the assay, 6%, 9%■> 12%, and 81% respectively.

Conse

quently, the activity measured in these tissues in the other
experimental combinations was appropriately corrected.
Mice injected with washed, heat-killed cells showed
no evidence of morbidity or mortality, and although the tissues
of these animals showed slightly greater nuclease activities
than comparable tissues from control animals, the differences
were not significant.
The possibility that the activity observed might have
been due to non-specific factors arising in the moribund
animal was tested by fatally infecting mice with Klebsiella
pneumoniae and assaying their livers.

No nuclease was detected.

The animal-derived UNH 570 strain yields much lower levels
than the human-derived strain 14609, with nuclease activities higher
and about equal in plasma and liver.

The activities in the lung

and kidneys were lower and also about equal.

The human-derived

Table 4
Tissue Nuclease Activity in Mice Inoculated v/ith Staphylococcus aureus

,
Unino- Heat-Killed Cell
Tissue
culated
Inoculation
___________ Mice____(Strain UNH 570)
carcass®
6.8
3.42.0
brain
0.7
2.1
heart
1-7
lung
0.9
1.9
liver
1.4
-0.9
spleen
-0.9
0.5
kidney
3-0
3-9
plasma
0
0
none
—
—

Live Cell Inoculation
Live Cell
(Strain 14609)
Inoculation
1.5 hr before
at
(Strain UNH 570)______ death^death
NA
NAh
5-8
13.2
1.3
0.7
10.1
2.5
1-7
2.8
17.4
7-7
13.4
0.1
22.2
0.9
3-5
23.9
9.2
7.9
51.3
13.6
59.2
14.9
—

—

aActivity was calculated in the following way:
(CPM of control filter-CIM of sample filter) r20 ug DNA> /
-

(CTM of control filter) -------------------

Normal Tissue
+ UNH 570 culture
supernatant^

('T ~ f lTer')V

15.2
76.0

77.6
76.8
69.6
74.4

72.0
79.2
79-2

_______________
(g tlssue or ml P lasma) Chr)

The kidney, liver, spleen, and carcass values are corrected for the ability of these tissues
to quench the assay (see text).
Five to 10 mice were pooled per sample, q
cOne ml of sterile saline containing 3x10^ colony forming units were inoculated intraperitoneally. Mice had begun to die at the time the first sample was taken.
d
ft
One ml of a washed 8 hr culture containing 4.8x10 colony forming units inoculated intraperitoneally 200-260 minuts before samples taken. No mice died during sampling period.
o
Q
One ml of a washed 5 hr culture containing 2.7x10 colony forming units inoculated intraperitoneally 285-330 minutes before samples were taken. Mice had begun to die at the time
the first sample was taken.
•f
One ml of culture supernatant was mixed with an equal volume of normal tissue homogenate.
^Remainder of animal after skin and organs to be sampled were removed.
The tissue was not assayed (NA).
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14609 strain yields 2-12 fold higher nuclease levels, depend
ing on the tissue, with activities highest and about equal in
plasma and kidneys.

Liver and spleen showed about one-half

the activity of plasma and kidney, and the lung about onethird as much.

With the 14609 strain, nuclease activity is

detectable in brain and heart.
Nuclease levels in livers of mice infected with the
14609 strain of j3. aureus and subsequently treated with argi
nine (80 mg) or glucose (200 mg) were elevated only after the
latter treatment:
Saline
46.1 - 8.4

Arginine
52.4 - 11.4
n = 14
Not significant

Glucose
66.9 - 5-7
n = 20
p £ 0.05

Each sample in this experiment consisted of tissues from one
mouse which were taken 300 minutes post infection.

At this

time deaths were occurring in saline and arginine groups, but
not in the glucose group.
Distribution of endotoxin. Uninoculated mice were
negative for endotoxin in all tissues examined (Table 5)*
Animals receiving lethal intraperitoneal injections of endo
toxin or live K. pneumoniae, however, gave positive reactions
with the lysate and showed similar distribution patterns.
Highest amounts were found in the liver with much lower amounts
present in heart and lungs.

Trace amounts were detected in

kidney and spleen and none was detectable in brain or plasma.
Inoculation with autoclaved cells from the infecting
cell suspension yielded relatively small amounts of endotoxin

Table 5
Distribution of Endotoxin in Tissues of Mice Infected With Klebsiella
•pneumoniae or Inoculated With Endotoxin (Salmonella typhosa)
~

Endotoxin Present (ng/g or ml)®
K. pneumoniae0 In.iected
tissue
plasma
heart
liver
spleen
kidney
lung
brain
water
£

Uninoc
ulated
0
0
0
0
0
0
o_
NA

Endotoxin
Injected
0
100
16,000
0
0.7
6
0
NA

Conventional mice
Germ free mice
Live cell
Killed cell
Live cell
0
NDf
ND
50
25
6,400
16,000
12
100,000
ND
ND
1.4
ND
ND
3
50
800
25
0
ND
800
NA
NA
NA

Endotoxin (20Jng/ml]
"t* unxnoculated tis™
sues (1:1, v:w)d
16,000
16,000
8,000
16,000
8,000
16,000
16,000
16,000

Tissues from five mice were pooled to make each sample.
^Endotoxin was delivered intraperitone ally (10 mg) and mice were sampled 6 hrs.
post inoculation (deaths occur around 10 hrs post inoculation).
C
P
Viable or heat-killed organisms (7x10 cells/ml) were inoculated intraperitoneally.
Samples were taken at 200 minutes in live-cell group (some animals dying) and at
300 minutes in killed-cell group (no deaths).
A range of 8000-16000 ng/ml was taken as a total endpoint for the 10,000 ng/ml
present in the mixture.
eNot applicable.
f
Not done.
^Quantity of endotoxin detected is based on comparison of final endpoint obtained
with a standard concentration of endotoxin to that obtained by the unknown. Since
the titration was performed using doubling dilutions, only major differences in
endotoxin level can be reliably determined.

4-7
in organs which had previously been shown to retain relatively
high levels of endotoxin.

This suspension was not lethal.

Results of the tissue endotoxin assay could be influ
enced by tissue binding or inactivation, so tissues from
uninoculated animals were homogenized in a equal volume of
water (w/v) containing purified endotoxin.

After 60 minutes

at room temperature these preparations were centrifuged and
treated as the other samples.

Under these conditions no

evidence of quenching was seen.
Germfree mice demonstrated markedly higher levels of
endotoxin with highest amounts again in the liver, secondarily
in the heart, and relatively high amounts in lung and brain.
Biochemical responses of infected mice.
Blood glucose. Mice infected with S. aureus or K.
pneumoniae were assayed for blood glucose after two animals
in each group had died.

In this way the animals could be con

sidered at the same relative stage of infection although time
in minutes from inoculation to sampling would be different.
In addition, mice in these experiments were nonfasting.

Hypo

glycemia accompanied both infections but was more severe in
animals infected with K. pneumoniae. Blood glucose (mg/100 ml)
in uninfected animals was 164.1 - 21.8 and values of 72.8 9.2 (n = 16, p ^0.05) and IO7.7 - 23-5 (n = 17, P ^ 0.05) were
obtained in mice infected with K. pneumoniae or £!. aureus,
respectively.
Blood ammonia. Adrenergic blockade initiated by
intraperitoneal injection of 100 M S of phentolamine (Regitine,
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Ciba, Inc., Summit, N. Y.) 20 minutes after infection did not
alter ammonia elevations seen in mice infected with K.
pneumoniae. Animals treated with water had blood ammonia
levels Cfcg/lOOml) of 185*0 i 11.0 whereas those treated with
phentolamine had comparable levels

179*0 - 19*1 (n = 19»

not significant) .
Animals infected with K. pneumoniae began to show
elevated levels of ammonia midway through either short term
or long term infection (Fig. l).

During chronic infection

ammonia increases between the 6 ^ and 2 0 ^ hour and no deaths
were observed until after 20 hours.

Animals with short term

infection died around 240 minutes post inoculation but ammonia
began to increase around 150 minutes.
Source of ammonia elevations in mice infected with K. pneumoniae.
Intestine. Histological examination of intestines from
mice infected with either _S. aureus or K. pneumoniae revealed
no abnormalities.

Gross examination of gastrointestinal tracts,

however, showed severe constriction in those taken from klebsiella infected mice, and perhaps less constriction in those
taken from staphylococcus infected animals, when compared to
normal gastrointestinal tracts (Fig. 2).

Similar results were

seen above the ileo-cecal junction in germfree animals (Fig.
5).

Intestinal constriction appeared to be at least somewhat

relieved by catecholamine blockade (Fig. 4-) initiated by
intraperitoneal injection of 100 xig phentolamine (Eegitine,
Ciba, Inc., Summit, U. Y.) 20 minutes after infection.
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e

o 180o
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/
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60 —

*-
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-*

1

1

1

1

60
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240

300

Time post inoculation (min)
F ig .

R e l a t i o n s h i p o f i n c r e a s e i n b l o o d a m m o n ia t o
tim e o f d e a th i n m ic e i n f e c t e d w i t h K l e b s i e l l a
p n e u m o n ia e .
(S ee t e x t f o r d e t a i l s . )

Fig. 2.

Morphological appearance of gastrointestinal
tracts from uninfected mice and those infected
with Klebsiella pneumoniae or Staphylococcus
aureusl S. aureus, SA; K. pneumoniae, KP;
Uninfected, FI

r
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Fig. 3»

Morphological appearance of gastrointestinal
tracts from uninfected germfree mice and germfree and exgermfree mice infected with Klebsiella
•pneumoniae. Germfree, GF; germfree infected with
K. pneumoniae. G-F^pj and exgermfree, GF^y.
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i

I
Pig. 4-. Effect of catecholamine blockade on morphological
appearance of gastrointestinal tracts from mice
infected with Klebsiella •pneumoniae. Phentolamine
treated, Pt.; water, HpO.

j

;
|
i
I
i
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Ehenol red remaining in mouse stomachs at the end of
60 minutes was determined as a measure of catecholamine
effects on gastric emptying following challenge (Table 6).
Almost total inhibition of gastric emptying was obtained in
mice infected with K. pneumoniae, but only partial inhibition
was obtained in similarly-treated animals infected with S.
aureus.

Catecholamine blockade with 100 M E 0f "the anti-

adrenergic drug phentolamine reduced the inhibition of gastric
emptying in klebsiella infected mice to a value similar to
that seen in untreated S. aureus infected mice.
An increase in alkalinity of water used to rinse ceca
of mice was found in animals challenged with K. pneumoniae.
Cecal rinse from uninfected animals was pH 6.8 - 0.1, but
that from infected mice was 7*2 - 0.2 (n = 12, p ^ 0 .05).
This rinse indicated greater alkalinity in ceca of infected
animals.

Cecal rinses were performed during the last 25 per

cent of the infection.
Germfree mice (Charles River) were infected with K.
pneumoniae and examined for ammonia increases.

In contrast

to conventional mice, ammonia levels G/g/100 ml) in germfree
mice were unaltered jj.21.7 - 17-6 (n = 20, not significant)
in infected animals as opposed to 106.5 - 19•5 in the unin
fected mice] . Urea in these animals was increased 57°/° during
infection.

Germfree mice kept in conventional laboratory

conditions for 2 weeks exhibited normal gut morphology (Fig.
2) indicative of bacterial colonization.

These mice, when

challenged with K. pneumoniae, exhibited typical ammonia eleva
tions £195.0 i 50 (n = 14, p
shortly before death.

0.05)7.

All samples were taken
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Table 6
Effect of Infection by Staphylococcus aureus (14-609)
or Klebsiella pneumoniae on Gastric Emptying in Mice

K. pneumoniae
Saline
% markera 40.5-4.9°

S. aureus

K. pneumoniae

75-1-4.6d

100.2^8.3d

water

phentolamine
(100 M ^ )

97-0±7-6 69-5-15•2e

Q

Mice received phenol red soln. 90 minutes post infection.
Stomachs were sampled 60 minutes later.
Eegitine, Ciba, Inc., Summit, U. Y., delivered 20 minutes
post infection.
C
4*
Mean - standard deviation. Eor untreated mice, n = 9 in
each comparison; for treated animals, n = 10.
Significantly different from saline value (p £ 0.05).
eSignificantly different from water value (p ^ 0.05).
~

Urea cycle activity. Levels of free arginine were

unaltered in livers of mice infected with short-term K. pneu
moniae infection.

Uninfected animals had 3-34- - l.Qymole

arginine/g of tissue whereas infected animals had 4.04 i 0.6
(n = 17, not significant)^rnole of arginine/g liver.

These

samples were taken shortly before death.
During prolonged infection (40 hours) evidence was
found to indicate leakage of arginase from livers of klebsiella
infected mice (Table 7)*
Benal function.

Serum urea elevations were minimal

with _S. aureus (Giorgio) infection as compared to levels
reached in animals infected with K. pneumoniae (Table 8).
This experiment was repeated with the other human-derived
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Table 7
Elevated Plasma Arginase Levels in Micea With
Long-Term Klebsiella •pneumoniae Infection

1^

Arginase Produced Urea (mg/100 ml
Time Post Infection
0
6
20
50
40
uninfected

16

infected

17

13

16

20

10

34
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aTen to 15 mice were pooled per sample and each
sample represents one determination.
Urea liberated following incubation of plasma
with arginine minus value obtained by direct
urea determination on aliquot of same plasma
sample not incubated with arginine.

Table 8
Blood Urea Levels in Micea Infected With
Staphylococcus aureus or Klebsiella pneumoniae
Treatment
S. aureus13
Giorgio
14609
K. pneumoniae
C>

Blood Urea Cmg/100 mlj
Uninfected
Infected
20.1 - 2.9°
23.2 - 4.7d
(35)e
25.1 - 1.54

23.7 - 2.56
(16)

25.1 - 1.54

53.2 - 8.8d
(15)

Samples taken shortly before death.
Both strains are human-derived.
cMean
- standard deviation.
jq
Significantly different from value of
uninfected group (p £ 0.05).
eTotal number of samples (n) compared.
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staphylococcus strain, but this time after two mice had died.
No urea increase was obtained in this experiment.
Treatment of klebsiella-infected mice with ornithine
or arginine demonstrated the impaired renal clearance of
arginine's urea load during infection.

The difference in

■urea level between saline and ornithine-treated infected
animals was 12.2 mg/100 ml.

A similar value (10.2 mg/100 ml)

was obtained by making the same comparison in uninfected mice.
These values were averaged (11.2 mg/100 ml) and taken as a
factor to account for urea cycle stimulation.

This factor was

subtracted from the difference of urea levels following saline
and arginine treatment of infected and uninfected mice:
Uninfected
Saline

Arginine(100 mg)

20.1 ± 2.9

47.0 ± 2.7

Infected
Saline
27.0 ± 4.9

Arginine(100 mg)
68.0 - 9-6

In infected animals 29.8 mg (per 100 ml blood) of urea was
present due to the arginine load, but only 15*7 mg (per 100
ml of blood) of urea from this source was found in uninfected
animals.

Thus nearly twice as much of the arginine load was

retained in the mice infected with K. pneumoniae. Animals in
the experiments were treated immediately post challenge and
sampled 100 minutes later.
Injection of uninfected or infected animals with glu
cose (200 mg) elevated blood ammonia levels after immediate
and delayed glucose treatment, but indicated no ultimate
difference in amount of ammonia obtained.

Immediate treatment

with glucose after infection with either S. aureus or K.
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•pneumoniae prolonged survival time, but only survival of
staphylococcus-infected mice was extended by delayed treatment.
Table 10 compares subcutaneous glucose treatment to
that administered intraperitoneally.

Mice infected with S.

aureus or K. pneumoniae responded to intraperitoneal treatment,
but subcutaneous treatment was ineffectual during either
infection.
The treatment dose of glucose (200 mg) does cause a
definite hyperglycemia which requires over 2 hours for clear
ance (Table 11).

This clearance may be enhanced somewhat

during infection with K. pneumoniae, possibly due to the
hypoglycemic effect of endotoxin.
Insulin role in infection.

Infection with K. pneumoniae

(Table 12) demonstrated an alteration of the insulin-glucose
ratio due to hypoglycemia without compensatory insulin changes.
A similar alteration was not found in mice infected with £>.
aureus.
Treatment of ammonia elevations.
Arginine treatment. The efficacy of arginine treat
ment is shown in Table 13.

Although survival time following

inoculation with live K. pneumoniae is significantly extended
by arginine treatment, no reduction in blood ammonia levels
was seen.

Arginine treatment of mice inoculated with endotoxin

also failed to lower ammonia levels.
Arginine treatment of mice infected with K. pneumoniae
had a hypoglycemic effect which correlated with enhanced
insulin secretion shortly after inoculation (Table 14).

By

Table 9
Effect of Immediate and Delayed.£L Glucose Treatment"b on
Survival Time and Blood .Ammonia Levels0 of Infected Mice
Uninfected.
Glucose
Delayed
Ammonia
Gyg/100ml)

Klebsiella pneumoniae

Staphylococcus aureus

Saline

Saline

Imme
diate

186.8
+

139.1
+
15. id

Survival
time
(minutes)

Delayed

46.3

225.6 230.8
+
17.9

+
13.6

Glucose
Immedaite

Delayed

Imme
diate

Imme
diate

Delayed

122.3
+
9-2

162.7
+

355.2
+

366.2
+

12.5

11.9

456.2 419.2
+
+
20.5f 40.6

231.5 240.9
+
+
30.4e 55-5
301.2 240.6
+
+
24.6f 43.6s

Delayed

Glucose

29.9e

aTreatment given 60 min post infection and sampling begun 60 min post
treatment.
Intraperitoneal treatment of 200 mg of glucose.
cSamples taken shortly before death.
^Mean i standard deviation. Bor ammonia comparisons, n = 18; for
survival time, n = 10.
eSignificantly different from saline delayed value (p ^ 0.05).
■p
y
Significantly different from saline immediate value (p = 0.05).
^Significantly different from glucose immediate value (p ^ 0.05).
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Table 10
Effect of Route of Glucose Treatmenta on
Survival Times of Mice Infected With
Staphylococcus aureus or Klebsiella pneumoniae

Survival Times (min)
Intraperitoneal Treatment

Subcutaneous Treatment

Glucose

Saline

Glucose

Saline

K. pneumoniae

2 7 6 .3 -1 9 .9b

2-53.o±23.o

2 6 0 .0 ± 1 7 -5

3 0 5 .7 -2 2 .4 °

S. aureus
TGiorgio,)

2 6 5 .5 -2 9 *8

2 9 7 .2 ^2 3 -7

2 4 5 .2 ^ 1 9 .1

300. 5- 31. 2°

aMice were treated with 200 mg glucose.
^Mean i standard deviation. Eor all comparisons,
n = 12.
°Significantly different from saline value (p £ 0.05).

Table 11
Clearance of Blood Glucose3 Given Immediately
Post Infection With Klebsiella pneumoniae

Blood Glucose (mg/100 ml)
time post infection (min)

Uninfected
Infected

0

60

120

180b

425

268

405

220

aMice were inoculated intraperitoneally with
200 mg of glucose.
v
Each sample represents one determination on
pooled plasma from five mice.
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Table 12
Insulin and Glucose Levels in Mice Infected3
With Staphylococcus aureus (14609)
or Klebsiella pneumoniae

Uninfected
Plasma

fasted

Insulin
level
GwU/ml)

24.0il5.6b

Glucose
level
(mg/100
ml)

96.9- 6.9

Insulin/
Glucose

unfasted
38.8±10.2C

fasted
19.0- 5-9

K. pneumoniae
fasted
22.3^9-7

160.8^13.9®

79.2±ll.9f

35-4±9-7

0.24

0.24

36.1- 5.8C

72.4^26.4e

(16)

(8)

(7)

unfasted

(16)

(9)

(7)d

0.25

S. aureus

0.63

0.50

aSamples taken shortly before death.
^Mean - standard deviation.
°Significantly different from fasted insulin value
(p ^ 0.05).
J3
Total number of samples (n) compared.
eSignificantly different from unfasted glucose
value (p £ 0.05).
f
S. aureus fasted and K. pneumoniae, fasted and
unfasted, are significantly different from cor
responding (fasted or unfasted) groups in
uninfected mice; n = 8, 12, and 11, respectively.
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Table 13
Effect of Arginine Treatment on Survival
Times and Blood Ammonia Levels of Mice
Challenged With Klebsiella pneumoniae
or Inoculated With Endotoxin
Challenge
K. pneumoniae
Saline

Endotoxin (S. tvphosa)

Arginine

Survival time
(min)

225.6±17.9a 275.4^ 15.0b

Ammonia level
( g/100 ml)

223.3^75.7
210.0^88.4
(10)

Saline

Arginine

(10)C
174.5-4A.6 162.1^25.7
(25)

Mean - standard deviation.
Significantly different from saline value
(p £ 0.05).
cTotal number of samples (n) compared.

Table 14Insulin Secretion and Glucose Levels in Micea
Infected With Klebsiella pneumoniae
and Treated With Arginine
Treatment
Saline
Plasma

45 min

Insulin
level
Gi/U/ml)

16.0

Glucose
level
(mg/100 ml)
Q

198

Arginine (100 mg)
180 min
11.5

184

45 min

180 min

52

15

128

102

Ten mice pooled per sample, each number
in table represents one sample.
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180 minutes post infection insulin had returned to normal
levels, hut glucose levels remained lower than in saline
treated animals.
Treatment of klebsiella infected mice with arginine
at various time intervals post infection was beneficial to
the mice only up to 60 minutes after infection (Table 15).
Arginine treatment at 120 or 180 minutes after infection made
no significant difference in survival time when compared to
animals treated with saline at the same times.
Ornithine treatment. Survival time of klebsiellainfected mice was prolonged following treatment with ornithine
(Table 16).

Blood ammonia levels of mice infected with K.

•pneumoniae were significantly reduced following ornithine
treatment as compared to saline treated animals.
Glucose levels in klebsiella infected mice were not
significantly altered by ornithine treatment so further
studies of possible effects of this amino acid on carbohydrate
metabolism were not conducted.
Evaluation of arginine1s role in carbohydrate metabolism.
The effect of arginine and ornithine treatment on
survival time of diabetic (alloxan-treated) mice was deter
mined.

Both amino acids significantly extended survival time:

Saline
242.3-18.9

Arginine (100 mg)
328.8±47.8
n = 12
p * 0.05

Ornithine (100 mg)
350.5^31-7
n = 12
P ^ 0.05

The difference between the arginine and ornithine group was

Table 15
Effect of Time Factors on Arginine Treatment
Post Infection of Mice Inoculated With
Klebsiella pneumoniae

Time Post Infection at Which Saline or Arginine Given
20 minutes
Saline
Survival
time?
(min)

233-3
+
17.lb

Arginine
279.8
+
32.2°

60 minutes
Saline

250.2
+

30.2

Arginine
297.7
+
39.1°

120 minutes
Saline

Arginine

293.8
+

309.7
+

50.0

56.7

aIntraperitoneal injection of 100 mg arginine.
Mean - standard deviation.

For all comparisons, n = 10.

cSignificantly different from saline value (p ^ 0.05).

180 minutes
Saline
289.5
+
49.6

Arginine
269.5
+
39.1
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Table 16
Effect of Ornithine Treatment on Survival Times,
Blood Ammonia, and Blood Glucose in Mice
Challenged with Klebsiella pneumoniae

Survival
Time(min)

Ammonia
(4 g/100 ml)

Glucose^
(mg/100 ml)

Saline

254.8±21.9a

261.8^134.2

102.6^21.6

Ornithine
(100 mg)

329.8±44.9b
(10)c

116.2-92. 6b
(20)

92.9-20.9
(20)

Treatment

aMean i standard deviation.
^Significantly different from saline
value (p ^ 0.05).
cTotal number of samples (n) compared.
a

Samples taken shortly before death.
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not statistically significant.

Mice used in these experiments

had glucose levels averaging over twice normal values.
Amino acid treatment of endotoxemia.
Percent mortality of mice inoculated with endo
toxin and treated with 100 mg of arginine or ornithine was
determined.

The survival experiment was conducted on a

percent mortality rather than survival time basis because
mice receiving a single dose of endotoxin could potentially
survive once endotoxin detoxification was complete.

All

saline-treated mice had died in 15 hours, but only 50% of the
ornithine-treated animals and 10% of those treated with argi
nine had succumbed by this time.
healthy in appearance.

Surviving animals were
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CHAPTER V
DISCUSSION
The level of peripheral blood ammonia is elevated in
mice infected with K. pneumoniae, but not in mice infected
with S. aureus (Table 1, appendix).

This elevation was seen

in mice with other gram negative infections (unpublished data)
and in animals inoculated with endotoxin.

Ammonia may con

tribute to lethality during gram negative infection by
superimposition on the biochemical responses occurring in
infected mice.
Ammonia is known to severely affect energy metabolism
when injected or induced in otherwise normal animals (Walker
and Schenker, 1970; Visek, 1972).

Cerebral tissue energy

metabolism would be among those adversely affected by ammonia
increases (Bessman and Bradley, 1955)*

The protective effect

of injected ATP against a lethal dose of endotoxin (Berry,
1971) emphasizes the importance of this compound, which is
known to be depleted in the brain (Schenker et aL, 1967) by
ammonia.

Reduction of brain ATP levels by 33% leads to

death (Walker and Schenker, 1970).

Eor this reason levels of

ammonia in brains of infected mice were determined (Table 1,
appendix).

Increased brain ammonia levels occurred only

during the convulsive activity immediately preceding death in
staphylococcus-infected mice, probably as a result of in situ
ammonia production:

brain ammonia has been reported to

increase during convulsive activity (Mcllwain, 1959 a,b).
Glucose depletion (Smith, 1965) or hypoxia (Barnwell et aL,
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1966) may have been responsible for initiating the convulsive
activity in mice infected with staphylococcus.
Increased levels of ammonia in brains of mice infected
with K. pneumoniae was seen before initiation of terminal
convulsive activity and could be a result of ammonia transport
to the brain.

This ammonia may contribute to toxicity by pro

moting enhanced brain glucose utilization (Walker and Schenker,
1970; Prior et aL, 1971) and- interruption of normal citric
acid cycle function (Bessman and Bradley, 1955; Visek, 1972).
Brain glucose was depleted during klebsiella infection (Table
2 , appendix), but this alteration might be due in part, or
all, to the severe decrease in serum glucose levels.
Further evidence for an ammonia contribution to
lethality of gram negative infection was obtained by correla
tion or ammonia increases with death.

In both short term

and long term infection with K. pneumoniae, ammonia elevations
preceded the occurrence of deaths among the mice so treated.
A relationship between ammonia levels and toxicity
has been previously reported in chicks infected with S.
pullorum (Ross, Holtman, and Gilfillan, 1955 b, 1956), but,
as will be shown later, differences exist between the sequelae
of infection in the avian and mammalian models.

Arginine

extended the survival time of infected chicks, apparently
through its ability to lower ammonia levels.

My studies

showed that arginine or ornithine treatment of mice infected
with K. pneumoniae or inoculated with endotoxin was as bene
ficial, but only ornithine was effective in lowering levels
of blood ammonia during infection.
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No role ibr ornithine other than enhancement of ammonia
detoxification during infection is readily apparent, hut
arginine has other physiological effects which may account
for prolonged survival times during gram negative infection.
Arginine is known to cause hypoglycemia through its potent
stimulatory effect on insulin secretion (Pajans et aL, 1967;
Roberge and Charbonneau, 1969; Samaan, Goplerud, and Bradbury,
1970).

My data showed no similar hypoglycemic effect for

ornithine.
It is puzzling that a substance which causes hypogly
cemia should prolong survival time.

Hyperinsulinism did

occur in klebsiella-infected mice treated with arginine,
but elevated insulin levels usually increase host suscepti
bility to endotoxin shock (Pieroni and Levine, 1969) or
staphylococcus infection (Smith et aL, 1966) due to the
reciprocal relationship between glycemic state and host
susceptibility to stress.

The timing of the insulin increase,

however, could be critical in influencing the outcome of
infection.

Insulin injection partly reversed endotoxin

induced early hyperglycemia mediated by epinephrine (Nagler
and Levenson, 1971)*

Thus insulin elevations during the early

phase of infection may supress liver phosphorylase activity
and in this manner attenuate epinephrine induced hyperglycemia
(Gulbenkian et aL, 1968), thereby promoting a longer term
release of glucose to the host's benefit.

While epinephrine

blocks glucose-induced insulin release, it does not affect
release induced by arginine (Pajans et aL, 1967).
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That arginine does stimulate the urea cycle is sug
gested by the literature and the absence of a further ammonia
increase following injection of the amino acid, but its effect
on ammonia levels apparently is negated by the additional
urea it contributes to the circulation.

It will be shown

later that this -urea could contribute to ammonia increases.
The ultimate lesion in hyperammonianemia, however, is reduc
tion of energy reserves (Schenker et al,, 1967; Walker and
Schenker, 1970; Visek, 1972).

Therefore failure of arginine

to reduce significantly elevated levels of ammonia could be
offset by other effects on host energetics through its effects
on insulin secretion.

This possibility was eliminated,

however, in experiments which showed that arginine retained
its beneficial effect in alloxan diabetic mice.
The importance of induction of early events as a
mechanism related to arginine administration was suggested by
arginine treatment of mice at intervals after infection with
K. pneumoniae. Treatment later than 60 minutes after inocula
tion was of no benefit in prolonging survival beyond that of
mice injected with saline at the same time.

Late injection

of saline alone was beneficial to survival, probably due to
the state of dehydration obtained late in infection (Walker,
Wilder, and Valeri, 1973)*

findings with delayed arginine

treatment could be consistent with an earlier arginine effect
on metabolism, but it could also indicate a decreased ability
of the host to utilize or distribute the injected amino acid.
One intriguing possibility remaining for the bene
ficial effect of arginine on survival during gram negative
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infection is its stimulatory effect on secretion of growth
hormone (MacGillivray, Aceto, and Woldegeorges, 1969; Penny,
Blizzard, and Davis, 1970).

Since endotoxin is thought to

impair protein synthesis (Nagler and Levenson, 1971) any
substance, such as growth hormone (Guyton, 1966), which
stimulates protein synthesis could contribute to host survival.
In addition, growth hormone promotes fatty acid utilization
for energy and reduces the rate of carbohydrate utilization
throughout the body, a factor which may offset the potential
detrimental effect of arginine induced hypoglycemia.

Thus,

in mice with a gram negative infection, arginine is ineffectual
in alleviating hyperammonianemia, but may still prolong
survival time by direct stimulation of growth hormone secretion.
In addition to their specific physiological effects,
it is also possible that arginine, ornithine, and perhaps
other amino acids can enhance host resistance through similar,
but presently unknown, mechanisms.

The difference in pro

tection afforded against endotoxin by arginine and ornithine,
however, suggest that the effects of these amino acids are
due to different mechanisms.
The possible importance of ammonia in contributing to
death from gram negative infection led to studies of the likely
sources for increased blood ammonia levels.

Ammonia elevations

in infected mice may be due to renal contributions, enhanced
intestinal ammoniagenesis, deamination, or failure of the urea
cycle to detoxify adequately normal or increased levels of
ammonia.
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In chicks infected with S. pullorum the urea cycle,
lost during early embryonic development, is reactivated, and
subsequent elevations of blood ammonia in the avian model
seem to be due, at least in part, to exhaustion of components
of this cycle (Ross, Holtman, and Gilfillin, 1955 b).

In the

infected mouse, however, impairment or exhaustion of the urea
cycle does not appear to be important.

Urea cycle enzymes

could be depleted in mammals due to changes in liver cell
permeability (Kumate et aL, 1958).

For this reason liver and

serum arginase levels were determined.

Normal serum arginase

levels were found in infected mice which indicates that
leakage of liver enzymes into the bloodstream does not occur
in acute infections such as described here (Table 3> appendix).
In extended infection (30-40 hours) evidence of arginase
leakage into the bloodstream was found, but ammonia elevation
preceded this event as well as the beginning of deaths among
the infected animals.
Mice infected with K. pneumoniae or inoculated with
endotoxin displayed normal liver arginase activity, but this
finding could represent an impairment of host ability to
synthesize or activate liver arginase and thus to respond to
increasing loads of ammonia.

In contrast, mice infected with

S. aureus exhibited significantly elevated levels of liver
arginase.
At this point I will digress from the determination
of sources of increased levels of ammonia in order to discuss
the elevation of liver arginase in staphylococcus infections.
Low levels of ammonia which would not be detected in the
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peripheral venous circulation due to hepatic and muscular
removal (Bessman and Bradley, 1955) could stimulate arginase
activity.

Thus increased arginase activity could be due to

substrate induction (Dooley and Holtman, 1959)» but it may
be an effect of generally enhanced protein synthesis due to
the stress of infection.

On the other hand a compensating

factor may be operative which retards enzyme degradation or
activates an inactive form (Segal, 1975) in order to promote
detoxification of rising levels of ammonia.

Endotoxin appears

to block synthesis of some proteins (Berry, 1971) and this
may account for the absence of an arginase increase in mice
infected with K. pneumoniae.
Further consideration of sources of ammonia increases
led to assessment of urea cycle amino acid pools.

Decreased

levels of liver arginine led to the discovery of ammonia
increases in chicks infected with _S. pullorum (Ross, Holtman,
and Gilfillin, 1955 a), but I found no changes in levels of
this amino acid in livers of mice infected with K. pneumoniae.
This latter finding is more in agreement with previous obser
vations in chick embryos infected with S. aureus or V. cholerae
(Walker et al., 1971) which indicated amino acid transfer to
the liver.

This flux was thought to be a potential source

for ammonia elevations.

Subsequent reports, however, indicate

that this phenomenon may be a leucocyte mediated response to
infection (Wannemacher et aL, 1971» 1972 a,b; Powanda,
Wannemacher, and Cockerell, 1972).

Upon reaching the liver

of animals with gram negative infection, however, these amino
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acids may be incompletely utilized in protein synthesis or
other pathways and could thus contribute to ammonia elevations.
Since insulin may affect amino acid transport into
cells, levels of this hormone during infection were determined.
Untreated mice infected with K. pneumoniae demonstrated an
increased insulin/glucose ratio due to hypoglycemia unaccom
panied by compensatory insulin changes.

Arginine induced

hyperinsulinemia is transitory, indicating that insulin clear
ance mechanisms are operative, at least during the early part
of infection.

However an impaired clearance of the hormone

may occur in the moribund animal or normal insulin regulatory
mechanisms may fail as a result of infection.

The importance

of insulin excesses, particularly during uremia (Dzurik and
Valovicova, 1970; Hampers et aL, 1970), is unknown.
The potential sources of blood ammonia increases
examined above appear to be of minor importance.

Findings in

germfree mice infected with K. pneumoniae indicate that the
major portion of the ammonia elevation in conventional animals
is of intestinal origin.

Following gut colonization, previously

germfree mice show ammonia elevations similar to conventional
mice, further indicating the importance of the ammoniagenic
activity of intestinal bacteria.
Although ammonia apparently does not contribute to
their death, germfree mice inoculated with K. pneumoniae die
at a rate comparable to that of conventional animals (about
240 minutes post infection).

However, bioactive substances

abound in guts of germfree animals (Gordon and Pesti, 1971)
and could permeate into other tissues from the intestinal
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-

lumen during infection (Cuevas and Fine, 1971)•

Thus, some

aspects of shock in conventional and germfree mice may be
different, but the net result may be the same as measured by
survival or mortality.
Increased intestinal ammoniagenesis or accelerated
release of existing levels of intestinal ammonia, or both,
may account for hyperammonianemia during gram negative infec
tion.

A rich substrate for intestinal urease activity (Lieber

and Lefevre, 1959) is provided by the urea released from the
liver, approximately one fourth of which enters the digestive
tract.

Increased substrate would cause urea hydrolysis to

take place at an accelerated rate in mice infected with K.
•pneumoniae and increased amounts of ammonia liberated from
urea could enter the circulatory system (Chalupa, 1972).

In

addition to providing substrate for ammoniagenesis, urea
hydrolysis contributes to an elevation of gut pH (Lieber and
Lefevre, 1959)-

Such a pH elevation, which was observed in

mice infected with K. pneumoniae (rinse water from ceca of
infected mice was 0.42 pH units higher than that from uninfected
animals), would increase absorption of intestinal ammonia
(Price et aL, 1967; Price, Sawada, and Yoorhees, 1970)*
Elevation of intestinal pH would also enhance secretion of
bicarbonate into the lumen (Swales, Tange, and Wrong, 1970)
which further facilitates ammonia entry into the bloodstream.
Ammoniagenic substances and pH in the intestine could
have been altered during gram negative infection by means
other than intraintestinal urea accumulation.

Endotoxin is

known to induce a catecholamine mediated effect on the
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splanchnic viscera (Fine, 1954) which could contribute to the
difference in ammonia levels seen in mice infected with _S.
aureus or K. pneumoniae. This effect leads to hemorrhagic
necrosis in the canine intestine (Lillihei and MacLean, 1958;
Bonnous et al», 1965; Koos et alt, 1956), but not in primates
(Bonnous, Cornin, and Gurd, 1967).

Blood from this source

could provide protein and red blood cells for ammonia release
by intestinal microorganisms (Ealoon and Evans, 1970)*
Histological studies showed that the mouse model more closely
resembles the primate intestinal response and thus intestinal
necrosis does not contribute to intestinal ammoniagenesis.
The ischemic gut in mice infected with K. pneumoniae,
although not visibly damaged, could produce more intraluminal
ammonia and/or release it at a more rapid rate due to other
catecholamine influences on intestinal physiology.

During

gram negative infection the secretory function of gastroin
testinal glands becomes intensified (Domaradsii, 1966) and
absorption is blocked (Berry and Smythe, 1959)•

Total

gastrointestinal paralysis may occur (Turner, 1964).

This

latter effect, as measured by gastric emptying, was partly
reversed by adrenergic blockade.

Catecholamine effects on

intestinal constriction during infection with K. pneumoniae
are indicated by the extreme constriction of the germfree
mouse gut above the ileocecal junction.

The germfree gut is

known not to be sensitive to catecholamines below this point
due to the presence of a counteracting substance (Gordon and
Pesti, 1971)*

Staphylococcal toxin may affect gut physiology

too, but its action is probably due to direct effects on
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smooth muscle (Weigerhausen, 1959; Thai and Enger, 1961;
Kadlec and Seferna, 1972) or to general intestinal irritation
(Guyton, 1966).
The catecholamine induced gut reactions described
above appear to be incidental to the factors leading to in
creased ammonia levels.

Evidence for this conclusion was

obtained by treatment of K. -pneumoniae infected mice with
phentolamine, an antiadrenergic drug which was shown to block
catecholamine induced inhibition of gastric emptying.

Treat

ment with this drug had no significant effect on ammonia
levels during infection.
Since uremia was associated only with mice infected
with K. pneumoniae, this event seems likely to account for the
difference in ammonia increase seen in mice infected with this
organism or £>. aureus. As described above increased -urea
levels could initiate a series of events leading to increased
peripheral ammonia levels.

Endotoxin from gram negative

infection may induce uremia via vascular impairment in or
near the kidney which would have severe effects on normal
renal clearance (Davis, 1971; Nagler and Levenson, 1971;
Johnson and Davis, 1973)*

The vascular effects of endotoxin

which may lead to uremia could be expected in germfree as
well as conventional mice (Wilson and Matsuzawa, 1968) and
my subsequent studies confirmed the expected urea increase.
Impairment of renal urea clearance during gram negative infec
tion is suggested by my observation and has been associated
with endotoxin poisoning by others (Berry and Smythe, 1961).
Eirst, although arginine and ornithine have been reported to
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facilitate ammonia detoxification during experimental intoxi
cations (Wolfe et al», 1958; Roberge and Cbarbonneau, 1969) or
S. pullorum infections (Ross, Holtman, and Gilfillan, 1955 "b),
only ornithine had a significant effect on ammonia levels in
mice challenged with K. pneumoniae. If failure of renal urea
clearance is a significant factor, then urea carried into the
animal by arginine treatment could counter any stimulatory
effect of the amino acid on urea cycle activity.

Endotoxin

challenged mice may retain about three times as much injected
urea as normal mice (Berry and Smythe, 1961).

Ornithine, in

contrast, can similarly stimulate the urea cycle, but is free
of the urea burden.
Attempts to relieve infection associated hypoglycemia
could further indicate a difference in renal clearance in
animals infected with S. aureus or K. pneumoniae. The more
severe glucose depletion seen in mice infected with K. pneumoniae,
particularly after fasting (Table 2, appendix), suggests that
treatment with glucose should be especially beneficial.

It

was found, however, that only immediate treatment with glucose
would prolong survival after klebsiella infection.

Failure

of subcutaneous glucose treatment to prolong survival, even
when given immediately following injection of bacteria, may
be due to slower entry of the sugar into the bloodstream than
by the intraperitoneal route.

In mice infected with S. aureus

either immediate or delayed (60 minutes) intraperitoneal
treatment was beneficial to survival of the host.

One explana

tion for these findings in the animals infected with K.
pneumoniae was that the close interrelationship between
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carbohydrate and ammonia metabolism, particularly in accom
paniment with hepatic impairment (Brown et al., 1967 a,b;
Brown et ale, 1969), would result in an elevation of ammonia
which would exacerbate that resulting about midway through
the gram negative infection.

Ammonia elevations could also

be due to hemoconcentration or interference with renal urea
clearance during hyperglycemia resulting from glucose treat
ment.

The increased blood ammonia did occur, but in

uninfected as well as infected mice.

Furthermore, the ultimate

ammonia levels attained in klebsiella infected mice receiving
immediate or delayed glucose did not differ significantly.
The possibility remains that a more prolonged hyperammonianemia may follow delayed glucose treatment in klebsiella
infected mice, which could cause more damage than normal
ammonia elevations during infection (Gullino, Mitbander, and
Moore, 1961).
Another explanation for the absence of a beneficial
effect of delayed glucose treatment of klebsiella infected
mice is that impaired renal function, which would interfere
with renal clearance of excess injected glucose, induces a
more severe hyperglycemic state during klebsiella infection
than during staphylococcus infection which would be detrimental
to host survival (unpublished data) due to enhanced acidosis
and dehydration (Guyton, 1966).

Fluid loss and acidosis is

a factor in untreated mice infected with K. pneumoniae or _S.
aureus (Walker, Wilder and Valeri, 1973)*
It is also possible that failure of delayed glucose
treatment to elicit a beneficial response during gram negative
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challenge could he related to similar lack of benefit obtained
following delayed treatment with arginine.

Circulatory

impairment could prevent adequate distribution of the injected
substances to sites where they could be maximally utilized.
This type of impairment may also account for failure of sub
cutaneous treatment to be effective during infection with
either S. aureus or K. pneumoniae.
Renal contributions to elevated ammonia levels may
also occur as a result of acidosis in both staphylococcus and
klebsiella infected mice.

Renal excretion of excess acid is

accomplished through accelerated ammonia liberation from
glutamine (Freuss, Weiss, and Adler, 1971), but increased
ammonia from this source may be offset in the gram positive
infection by elevated urea cycle enzyme levels.

The apparently

enhanced metabolism of glucose during klebsiella infection may
also accelerate increases in acidity.
Blood acidosis may retard ammonia penetration into
some tissues, but the microenvironment present at the cell
membrane may be different from that indicated by gross deter
minations.

Apparent accumulation of ammonia in the brain

suggests penetration in the face of lowered blood pH.
A factor which could influence toxicity of normal and
elevated levels of blood ammonia is a deficiency of potassium
(Shear and Gabuzda, 1970; Castell, 1971) in which the pH
gradient favors extracellular dissociation of ammonia and
its diffusion into cells.

Furthermore, during hypokalemia

there is an increased rate of delivery of renal ammonia into
the systemic circulation (Shear and Gabuzda, 1970).

Serum
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and brain levels of potassium in mice infected with S. aureus
or K. pneumoniae indicate that this deficiency did not occur
(unpublished data).
Bacterial proliferation and elaboration and localiza
tion of their toxins could influence host responses seen
during infection studies described above.

For this reason

the reported investigations on distribution of cells and
metabolites were conducted.
Bacterial distribution studies found highest numbers
of Klebsiella in renal tissue while the highest number of
staphylococci were found in the liver.

Eenal preference

demonstrated by K. pneumoniae could be due to urea metabolism
by this organism (Smith, 1968).

Thus, increased kidney viable

counts following arginine treatment of klebsiella infected
mice could be related to urea elevations.

Bacterial localiza

tion alone probably does not account for uremia seen during
klebsiella infection because endotoxin produces a similar
effect (Berry and Smythe, 1961; Nagler and Levenson, 1971)*
Selective bacterial accumulation may, however, hasten endotoxin
increases in this organ and elsewhere and also initiate damage
not due to endotoxin.
Effects of amino acid or glucose treatment on infected
mice may vary according to the organism involved, but no
effect on survival that might be due to antibacterial activity
was seen.

In fact, enhanced bacterial invasion or impaired

clearance of infecting microorganisms seem to be a general
rule following all treatments used.

Species specificity of

increased organ counts after treatment is indicated by
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increased numbers of staphylococci in kidneys of arginine or
glucose treated mice while no effect of glucose on renal
bacterial counts was seen in animals infected with K. pneumoniae.
The beneficial effects of ornithine, arginine or
glucose treatment are apparently more important to host
survival than the attainment of a particular level of micro
organisms.

This finding may indicate a damage threshold

beyond which additional bacterial numbers are actually unim
portant.

Inhibition of staphylococcal proliferation a short

while after infection is established was of no value in
preventing ultimate lethality (Barteil et al*, 1968).
Tissue distribution of bacterial metabolites does not
necessarily correlate with bacterial localization.

Nuclease

elaborated by S. aureus during lethal infection of the mouse
retains its enzymatic activity in host tissues.

Analysis of

S. aureus 14609 infections showed that 75-100% of the nuclease
activity became detectable in the last 25% of the infection's
course.

Similar observations have been reported for alpha

toxin production and tissue viable counts in mice infected
with S. aureus (Barteil et al«, 1968).

Either the pathogen

produces the bulk of the enzyme in this interval or failure
of the host tissue's clearance ability allows its accumulation.
The observed distribution of nuclease in spleen, liver,
kidney, and lung resembles distribution patterns observed by
others (Israel et aL, 1961; Foster, 1965; Crawley et al., 1966;
Eapoport, Hodoval, and Beisel, 1967; Staab et a!L, 1969; Bergdoll,
1970; Arbuthnott, 1970) with alpha toxin and enterotoxin in
mice, monkeys, and rabbits and is not unexpected because of
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the detoxifying function of these tissues.

However, both the

absolute amount of activity detected and its relative distri
bution varies'markedly with the strain of pathogen.

Staphy

lococcal strains of human origin are metabolically distinct
from strains of bovine origin (Chesbro, Taylor, and Smith,
1972) and observations reported here indicate that these
populations may express virulence differently in vivo.
Strain differences in tissue distribution of nuclease
could be due to tissue specificity of the enzyme or the
bacterial cell that differs between animal and human strains
and may reflect a greater capability of the UNH 570 strain to
damage hepatic tissue and the 14609 strain to damage renal
tissue.

Neither human nor animal staphylococcal strains had

any effect on ammonia levels of infected mice.
Previous studies utilizing injected staphylococcal
products (Israel et a!L, 1961) have shown that the kidneys are
a major site of toxin removal.

Results reported here with an

infected host show that the strain of S. aureus influences
the tissue distribution of its exoproducts.

Viable counts

of staphylococci in liver and kidneys indicate that the human
strain has a higher affinity for renal invasion that the bovine
strain, which could account for the difference described above.
If staphylococcal exoproducts aggregate to form
larger molecular weight moieties, circulatory clearance of
these substances could be significantly altered.

Aggregates

of alpha toxin have been demonstrated under certain environ
mental conditions (Arbuthnott, Freer, and Bernheimer, 1967).
Furthermore, if mice possess pre-existing antibody to
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substances elaborated by particular strains of S. aureus then
resultant toxin-antitoxin complexes may be cleared by the EES
rather than by the kidney.

Molecular sizes of staphylococcal

exoproducts could also be influenced by the physiological
condition of the microorganism.

Carpenter (1972) has shown

that staphylococcal nuclease is released in different molecular
forms during exponential growth and in stationary phase
culture.
Measurement of bacterial exoproduct levels during
infection is a means for determining metabolic activities of
microorganisms as well as the relation of their toxins to
lesions in various tissues.

Elevated nuclease levels in

livers of S.. aureus (14609) infected mice treated with glucose
may indicate increased elaboration of this substance or
higher numbers of viable organisms in the tissues.
In contrast to staphylococcal exoproducts, the endo
toxin elaborated by K. pneumoniae is cleared by the RES,
particularly of the liver.

Although heavily invaded, renal

tissue showed only traces of endotoxin.

Thus target cells

in the kidney, if they exist, would be very sensitive to
endotoxin action.
Findings using the Limulus assay for endotoxin are
in agreement with previous radioisotope studies (Braude,
Carey, and Zalesky, 1955; Hoyes, Mclnturf, and Blahuta, 1959;
Gilbert, I960; Herring et aL, 1963; Diluzio and Crafton, 1969).
Comparison of distribution patterns of injected endotoxin
with that elaborated by living organisms produced similar
results and thus would not account for differences observed

84
O

in terminal activity.

Mice inoculated with 10

live K.

•pneumoniae die in half the time (4-5 hours) required for mice
inoculated with 10 mg of endotoxin.

Mice in the latter group

exhibit a prolonged moribund period with occasional twitching
followed by a quiet death.

In contrast, mice infected with

viable organisms die a convulsive death following a brief
period of erratic running and jumping.

Quantities of endotoxin

below the sensitivity of the limulus test (l ng) in the brain
could influence the death process as this tissue is extremely
sensitive to endotoxin (Hinshaw, 1971)*

At least 10^ bac

terial cells are required to give a positive Limulus test
and several viable counts indicate that, during infection,
this or only slightly higher numbers of bacteria may be found
in the brain during infection with K. pneumoniae.
Detection of relatively large amounts of endotoxin in
the heart has not been previously reported, although an
accumulation in this organ has been postulated (Eagler and
Levenson, 1971)•

Endotoxin

in suspension makes particles of

50-250 nm which enlarge 20-50 times in combination with
phospholipid and could be deposited in coronary arteries.
Decreased lipid levels in mice infected with K. pneumoniae
(unpublished data) could be related to such a phenomenon.
The significance of endotoxin accumulation in the heart is
unknown, but it may indicate specific affinity for cardiac
tissue which could correlate with localization of endotoxin
in the walls of the peripheral vascular system during lethal
endotoxemia (Eubenstein, Fine, and Coons, 1962).

85
Rapid esterase activity in "blood samples collected
from infected animals (Skarnes and Rosen, 1971)

extremely

low levels of endotoxin in plasma could be responsible for
negative results obtained in this tissue.

Perhaps endotoxin

is only present in plasma immediately after inoculation or
when the RES is overwhelmed.

Poor correlations of Limulus

tests with positive human bacteremia has been reported
(Martinez - G, Quintiliani, and Tilton, 1973)*

Recent studies

(unpublished data) were unable to detect endotoxin in plasma
of guinea pigs infected with Y. pestis, but endotoxin was
found in the livers of these animals.

A partial explanation

for negative plasma specimens during gram negative challenge
could be that samples used were platelet-free.

Recent

evidence (Limulus roundtable, 1973 ASM meeting) suggests that
more positive assays may be ooj-ined in the presence of
platelets which are known to absorb endotoxin.
Conventional mice are known to be better able to
muster cellular defense mechanisms than their germfree counter
parts as evidenced by more rapid clearance of killed
Escherichia coli (Gordon and Pesti, 1971)*

The present studies

found similar inadequate clearance of endotoxin in germfree
mice infected with K. pneumoniae. This impairment could
enhance damage to target tissues.

Nevertheless, absence of

intestinal flora prevented ammonia increases.

It is interest

ing to note that mean survival time of germfree rats in
experimental uremia is significantly longer than in conventional
controls (Gordon and Pesti, 1971)*

86
Normal ammonia levels do not mean that inadequate
endotoxin clearance is not important in germfree animals.
For example, failure of the EES to keep endotoxin out of the
"brain could imply catecholamine-mediated toxicity.
Proteins which hind endotoxin (Eeinhold and Fine,
1971) should he eliminated hy the pH shift procedure used in
my studies and no evidence of tissue quenching in samples so
treated could he found.

Had tissues from endointoxicated

animals heen used, more quenching may have heen found due to
heightened esterase activity (Skarnes, 1970; Skarnes and Eosen,
197l)»

longer exposure of endotoxin to tissue could also have

heen employed, hut it was assumed that in vivo presentation
of endotoxin to tissue surfaces would he hrief and therefore
binding or inactivation would not occur unless the tissue is
particularly suited to interaction with endotoxin.

Mortality

studies using lead sensitized rats reported that three hour
incubation at 37° C with tissues associated with the EES
was required for in vitro inactivation of endotoxin (Filkins,
1970).
Interpretation of endotoxin quantitation in vivo may
he complicated hy the contribution of intestinal endotoxin
to the circulation.

Following injection of endotoxin the

liver was found to contain more than was injected (Cardis et
aL, 1972).

In addition some endotoxin may he released during

periods of cell growth rather than through cell lysis
(Crutchley., Marsh, and Cameron, 1967), thus varying amounts
of the substance may he liberated hy the same number of bac
teria under different conditions.

Eecovery of low levels of
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endotoxin inoculated intraperitoneally into mice may indicate
retention of much of this substance in the peritoneum, detoxi
fication, and/or absorption by host tissues other than those
analyzed.
In conclusion, potentially toxic levels of ammonia
were found in blood and brains of mice infected with K.
pneumoniae. It seems probable that ammonia elevations are due
to intestinal hydrolysis of urea which increases in the
bloodstream due to impaired renal clearance of this substance.
This failure may be due to direct or indirect effects of
endotoxin on urea clearance by the renal system.

Other bio

chemical events, some of which were also associated with S.
aureus infection in mice, may also affect ammonia metabolism,
but not to the extent that increases were seen in the peripheral
circulation.

It is possible in a prolonged infection that S.

aureus could also induce altered ammonia metabolism (Smith,
1965; Arbuthnott, 1970; Finch and Lenfant, 1972).

Distribu

tion studies of infecting microorganisms or their metabolites
yielded little information concerning mechanisms behind
altered ammonia metabolism in infected mice.
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CHAPTER VI
SUMMARY AND CONCLUSIONS
These studies were undertaken in order to better
understand the metabolic events which occur during infection
and to gain insight into mechanisms of toxin action as well
as possible means to counteract these actions.

One such

metabolic event was elevated blood and brain ammonia following
challenge with endotoxin or live K. -pneumoniae, but not with
S. aureus.
Ammonia is a known cellular toxin, particularly in the
brain, and could exacerbate the compromised energy state
associated with infection.

In mice with either short term

(4— 6 h) or long term (24—4-8 h) klebsiella infections, blood
ammonia increases occurred before any deaths were obtained.
Another indication of ammonia's toxic role during
gram negative infection is the ability of ornithine to lower
ammonia to nearly normal levels and extend survival time.
Arginine treatment also extended survival time but was inef
fective in reducing ammonia levels.

Unlike ornithine, arginine

has other known physiological effects which could account for
its extension of survival time (neither amino acid had any
antibacterial affect).
Several sources that could account for ammonia
increases seen during gram negative infection were eliminated:
arginase and arginine levels indicated that the urea cycle was
intact; long term infection may lead to arginase leakage from
the liver, but ammonia, increases and most deaths preceded this
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event.

Further studies of sources of ammonia increases during

infection examined blood pH and levels of potassium and
insulin.
Experiments with germ-free mice indicate that the
major source of ammonia increases during gram negative infec
tion is the intestine.

Ammonia levels in germ-free animals

infected with K. pneumoniae were not significantly altered
although urea was increased.

Germ-free animals which were

allowed to become colonized with intestinal microflora,
following infection, showed ammonia increases comparable to
those seen in conventional animals.
These findings led to studies to determine whether
intestinal ammonia contributions were due to increased
ammoniagenic substrate and/or enhanced diffusion of ammonia
from the intestine.

Both of these situations appear to exist

during gram negative infection.
Cecal pH increased during infection and could facil
itate diffusion of excess ammonia into the blood.

A cause of

increased cecal alkalinity could be enhanced hydrolysis of
urea by intestinal flora.

Analysis found normal blood urea

levels in S. aureus infected mice, but significantly elevated
levels were found in animals infected with K. pneumoniae.
Thus higher than normal amounts of urea may enter the intestine
and, upon hydrolysis, increase intestinal ammonia levels and,
through enhancement of intestinal alkalinity, facilitate its
diffusion into the blood stream.
Intestinal levels of ammoniagenic substrate could also
be affected by other means.

Histological studies found no
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intestinal alterations, such as intestinal bleeding and
necrosis, which would affect ammonia levels by increasing
substrate.

Catecholamine effects on intestinal physiology

were seen during klebsiella infection, but were unrelated to
ammonia elevations.
Failure of urea clearance via the renal system appears
to be the primary cause of increased ammonia.

Urea derived

from arginine, in combination with impaired urea clearance
via the renal system, probably negated arginine's stimulatory
effect on ammonia detoxification in infected animals.

These

mice retained about twice the arginine urea load found in
uninfected mice.

Impairment of urea clearance may be due to

vascular derangements which prevent delivery of urea to the
kidneys or to direct renal damage.
Vascular derangements may account for failure to
obtain a beneficial effect following delayed treatment with
glucose or arginine.

Delayed glucose did prolong survival

times of mice infected with S. aureus and may reflect a dif
ference in vascular response which may also account for the
absence of urea elevations during this infection.
The possibility that tissue localization of bacterial
metabolites might explain apparent differences between S.
aureus and K. pneumoniae effects on ammonia levels was con
sidered.

Endotoxin distribution studies suggest that if the

effect of endotoxin on renal clearance is direct, then the
amount required to affect target cells is small.

In descending

order endotoxin was found in liver, heart, lung, kidney, and
spleen.

Highest numbers of K. pneumoniae were found in the kidney.
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Work described in this thesis employed a human-derived
strain of S. aureus, hut animal-derived strains of S. aureus
are known to exhibit different characteristics in vitro.
Tissue viable counts and staphylococcal nuclease distributions
in host tissues indicated that localization of bacteria and
nuclease were different in human and animal derived strains
of staphylococcus.
levels.

Neither strain, however, affected ammonia
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APPENDIX
The following data were obtained before initiation
of my studies at the University of New Hampshire and are
included because they contain information critical to argu
ments presented in this thesis.

Ill
Table 1

Ammonia Levels8, in Mice Inoculated With
Staphylococcus aureus (Giorgio) or
Klebsiella pneumoniae

Brain Ammonia (4g/g)
Blood Ammonia
(ifg/100 ml)

Before
Convulsion

During
Convulsion

Uninfected

105.8±22.6b

13.5-5*7

----

S. aureus

106.0±18.7
(24)d

15.8±4.3
(28)

18.4±5.6d
(44)

K. pneumoniae

169.6±22.6d
(25)

18.5-5.1d
(32)

19.6±6.5d
(39)

8Samples taken shortly before death.
*bMean - standard deviation.
cTotal number of samples (n) compared.
j
Significantly different from uninfected values
(p * 0.05)

Table 2
Glucose Levels8 in Mice Inoculated With
Staphylococcus aureus (Giorgio) or
Klebsiella pneumoniae

S. aureus

K. pneumoniae

162.7±18.7b

107.7±14.6d
(26)°

34.0-6.2d
(22)

5.5- 0.6

6.3^ 1.2
(20)

4.4^0.7d

Uninfected
Serum
(mg/100 ml)
Brain
mg/g

(17)

8Samples taken shortly before death.
Mean - standard deviation.
cTotal number of samples (n) compared.
Significantly different from uninfected values
(p = 0.05)

Table 3
Arginase Activity3, of Mice Infected With Staphylococcus aureus or
Klebsiella •pneumoniae or Inoculated With a Lethal Dose of Endotoxin

Uninfected
Serum
(Units/ml)
Liver
(Units/gm)

1.32- 0.90°

87.3 -38-7

S. aureus
1.34^ 0.66
(22)d

K. pneumoniae

1.55- 1.00
(21)

131-9 -35.7® 105.5 -36.0
rax'1
(48)

Endotoxin (Salmonella typhosa)
1.96± 1.12
(16)
96.1 ±33-9
(48)

Q

Arginase activity determined by the gasometric procedure of Van Slyke
and Archibald (J. Biol. Chem. 163?293-509< 194-6;. Samples taken shortly
before death.
10A. unit of arginase in 1 minute at 25° C and pH 9*5 with a substrate
concentration of 0.285 M will decompose 1 micromole of arginine.
°Mean
- standard deviation.
j
Total number of samples (n) compared.
eSignificantly different from uninfected value (p ^ 0.05).
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